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ABSTRACT

CRYSTALLIZATION STUDIES OF POLY VINYLIDENE FLUORIDE)
(

AND RELATED COPOLYMERS WITHOUT AND WITH
STATIC ELECTRIC FIELD

February

1988

Herve L. Marand
Ingenieur

,

ENSCP

,

Paris

,

France

M.S., University of Massachusetts

Ph.D., University of Massachusetts

Directed by: Professors Richard

S.

Stein and Edwin

L.

Thomas

This dissertation deals with the study of physical
(poling) and chemical

(

copolymerization) processes affecting

the melt crystallization behavior of a polar polymer,

poly vinylidene fluoride) or PVF 2
(

,

so as to favor the

formation of polar crystal modifications.
First, the crystallization of PVF 2 under a static

electric field was investigated both theoretically and
experimentally.

A model of homogeneous nucleation under

electric field was developed and predicts an increase in

nucleation rate for polar crystals

vi

(

r

)

and a decrease in

,

nucleation rate for apolar crystals

(a)

with field strength,

and a larger field effect at lower undercoolings.
The experimentally observed field induced increase in t

phase nucleation density and content confirmed qualitatively
the proposed model.

Futhermore, observation of

modifications in the internal morphology of r phase
spherulites and of a decrease in degree of crystallinity
with field strength and crystallization temperature

suggested that the field not only affects the primary

nucleation step but also the secondary nucleation stage
that governs the lamellar growth mechanism

.

Finally,

morphological inhomogenei ties across the sample thickness
were noticed for high crystallization temperature and field

strength and were correlated to asymmetrical effects of the
positive and negative electrodes.
In the second part,

the crystallization and Curie

transition behavior of a copolymer of vinyl idene fluoride
VF 2 and tetraf luoroethylene F 4 E were examined from

morphological and kinetic standpoints.

Whereas for the

(93/07) mol* VF 2 - F^E copolymer composition,

the

spherulitic superstructure is observed at all

crystallization temperatures, the crystallization of the
(81/19) mol% composition results in the formation of rod

like crystal agregates and incomplete spherulites as shown
by small angle light scattering (SALS).

vii

Hedrites were

observed for both compositions to grow to large dimensions
only at high temperatures.

Finally, the Curie tansition was

investigated for the (81/19) mol* composition by SALS

,

X-ray

diffraction and thermal analysis and in contrast with
previous studies, was found to occur only during cooling or
isothermal crystallization and was thwarted by melting

during heating.

The paraelectric phase was observed to form

directly by crystallization from the melt and to tansform
isothermally into the ferroelectric phase at a rate

depending on the crystallization temperature.

viii
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CHAPTER

I

INTRODUCTION

A.

1

.

As many other

or PVF 2

,

General Background

Poly vinylidene fluoride)
(

f

luoropolymers

,

Poly vinylidene fluoride)
(

(also denoted PVDF) has always been a very

attractive structural material.

In the past,

it was mainly

used for its toughness, inertness to most solvents and

resistance to corrosion.

However, extensive studies of this

material [1] really begun after the discovery by Kawai

[2]

in 1969 that PVF 2 could be imparted a very high piezoIn 1971 Bergman et al.,[3] and Nakamura

electric activity.

et al.,[4] reported very large pyroelectric coefficients.

This material became then known as the first and probably
best candidate for transducer applications (i.e. a material

capable of interconverting thermal and electric energy
(

pyroelectricity

)

and mechanic and electric energy

(piezoelectricity)).

Finally, it was suggested by Kepler et

al.,[5] and others [6-8] that the PVF 2

B

phase,

responsible

for the piezo and pyroelectric activity, also had ferro-

electric properties.

This last point was convincingly

demonstrated through extensive studies of copolymer systems

1

2

of vinylidene fluoride with trif luoroethylene [9,10-26] and

tetraf luoroethylene [9,27-33],

The same conclusion was

reached by Lovinger et al.,[34] by looking at the effect of
head-to-head, tail-to-tail defect content on the stability
of the PVF 2 crystal modifications.

Although the origin of

the piezo and pyroelectric activity remained subject to

controversy for a long time [1], it is now widely accepted
that these very interesting dielectric properties result

mainly from the existence of a permanent intrinsic
polarization in the

B

crystalline phase of PVF 2

.

Secondary

contributions to the piezoelectric activity arise from the
effects of volume change upon deformation [35-36] and
charges trapped during material processing (calendring,
poling)

[37-38]

.

To achieve a high piezo and pyroelectric activity in a

polymeric polycrystalline material, it is necessary to
impart it a single crystal-like symmetry.

Such a symmetry

can be communicated by a combination of processes such as

stretching and or rolling [39-44] prior or simultaneous to
poling [45-49]
polarization)

.

(i.e.

subjecting the material to an electric

The first process enables a macroscopic

orientation of the chain axis along the draw direction and
more importantly triggers the crystal-crystal transition
producing the desired

8

phase [39-44].

After this step, the

crystal dipole moments are all preferentially oriented in

3

the plane normal to the draw direction.

The poling process

then allows for the dipole moments to rotate about the draw

direction and to align parallel to the film normal [50].
Such a material then possesses a macroscopic permanent

electric polarization and is called an "electret".

When

Heaviside introduced the term "electret" in 1892 to define
the electric analogue of a magnet, he was then referring to

hypothetical materials that would gain a permanent

polarization when cooled from the liquid state under an
electric field [51],

Following Heaviside and extending his

concept one step further, it is reasonable to state that by

crystallizing under simultaneous electric and deformation
fields, one may affect the crystallization behavior in such
a way as to favor the formation of macroscopically oriented

and polarized crystals.

The effect of mechanical

deformation on the crystallization behavior has already been
investigated in this laboratory [52] for lightly crosslinked

polyethylene and elsewhere [53] for other materials.
Current work is carried out in this laboratory concerning
the crystallization of deformed lightly crosslinked PVF 2
[56] and it is therefore of great interest to investigate

also the single effect of an electric field on the

crystallization behavior of PVF 2

.

When enough understanding

of the effects of the mechanical deformation and the

electric field on the crystallization mechanisms is gained,

4

it will be possible to investigate this
other way of making

an electret and to check the applicability
of Heaviside
concepts to polymer systems.

2.

Vinylidene Fluoride-Tetraf luoroethylene Copolymers

More recently, copolymers of vinylidene fluoride
with
either trif luoroethylene (F E) or tetraf luoroetylene
(F 4 E)

3

have also been considered as potential materials for
piezo
or pyroelectric transducers [9-33,57].

They exhibit the

advantage of directly crystallizing from the melt
in the
desired ferroelectric phase when the VF content is larger
2
than 81 mol* [31-33].

For lower VF 2 content the copolymer

crystallizes from the melt into the paraelectric phase and

undergoes a para to ferroelectric transition (Curie
transition) at somewhat lower temperature (the value of the

Curie temperature increases linearly with the VF content)
2
[33].

Although extensive investigations of their dielectric

properties has been conducted, little is known about the

mechanism and kinetics of crystallization and Curie
transition (ferro to paraelectric transition) and the

resulting morphologies of these systems.

It has been

suggested that the value of the Curie temperature and

consequently the piezo and pyroelectric properties depend

5

not only on the copolymer chemical structure and composition

but also on the material processing history [25].

For a

better understanding of this issue, it is necessary to first

correlate a carefully controlled material processing history

with the resulting material characteristics

(

morphology,

Curie behavior, etc.).

B.

Thesis Goals and Survey

This thesis is concerned with the study of physical or

chemical processes aff fee ting the melt crystallization

behavior of a polar polymer in such a way as to favor the
formation of polar crystal modifications

.

Previous studies

have shown that modifications in the crystallization

behavior can be achieved by a variety of physical processes
such as mechanical melt orientation [52-56], polymer

blending [58-60

],

mixing with plasticizers [61,62]... On

the other hand, solvation [63,64], electron irradiation
[65 66]
,

,

copolymerization [67-69] (chemical processes) are

well known to affect the crystallization behavior of most
polymers.

In this study,

the effect of an electric field

and of copolymerization on the formation of polar crystal

modifications is investigated
Chapter II is concerned with the description of sample

preparation in relation with the use of specific techniques.

6

for each technique,

Then,

the experimental procedure is

reviewed and the equipment used is described.
Chapter III deals with the study of the effects of a
static

electric field on the crystallization of

poly vinylidene fluoride)
(

.

In the first part,

a model is

developed to describe the process of homogeneous nucleation
under electric field

.

The model takes into consideration

both the electrostatic interactions between the field and
the nucleus permanent dipole moment for a polar phase and
the difference in dielectric susceptibility between crystal

and amorphous phase

.

This model is based on the classical

nucleation theory and yields for polar and apolar crystal
phases an expression for the nucleation rate in terms of the
two main parameters,

i.e.

the crystallization temperature

and the electric field strength.

Although the model was

developed in the context of an homogeneous nucleation, the
case of heterogeneous nucleation is also examined and

qualitatively compared to the former

.

The limiting

assumptions of the model are then reviewed and the
feasibility of refinement of the model are discussed.

The

proposed model is then tested by comparing its predictions
to the results obtained from isothermal crystallization

experiments under various temperature, field strength
conditions.

Effect of crystallizaton temperature and field

strength on the crystalline composition, degree of

crystallinity and morphology at the superstructural level

7

are examined in detail by thermal analysis, scattering and

diffraction methods.

Finally, peculiar electrode effects

observed for crystallization experiments under high fields
at elevated temperature are documented.

Chapter IV consists in a morphological and kinetic

study of the crystallization of a copolymer of vinylidene
fluoride and tetraf luoroethylene for two different
compositions.

For the high F 4 E content copolymer, the

crystallization from the melt and incipient Curie transition
are followed in isothermal conditions by a variety of
optical, thermal and diffraction techniques.

New

information is obtained concerning the kinetics of the

different processes and the resulting morphology.

For the

low F^E content copolymer, no Curie transition is expected
to interfere with the crystallization process (c.f.

IV.B.l).

The morphology resulting from the crystallization at

different temperatures is examined by SALS and polarized
optical microscopy (POM)
Chapter V consists in the description of the proposed
future work and in the presentation of the concluding

remarks

CHAPTER

II

EXPERIMENTAL

A.

Polymer Characterization

The chemical structures of PVF 2 homopolymer and
VF 2 - F 4 E copolymers are given in Figure 2.1.

grades were used throughout these experiments
the KF 1000 polymer

(M^,

= 2.6xl0 6

,

]

Two PVF 2
.

= 0.96)

The first is

supplied in

50 micron thick films by Kureha Chemical Industry Ltd..

second is a lower molecular weight material (Mw = 1.4xl0 5

The
)

supplied by Polyscience Inc. in form of powder, which was
used as received to make films of different thicknesses by

compression molding at 220°C.
here P140.

This grade will be denoted

The VF 2 - F 4 E copolymers were provided by

Pennwalt Corporation in form of 600 m thick sheets and were
also compression molded to reach the desired thickness.

The

two compositions used in this study are the 73/27 wt* (81/19

mol*, commercial grade Kynar 7200) and the 90/10 wt# (93/07
mol*, experimental Kynar grade).

8

9

pvf 2
H

F

n

homopolymer

random

Figure 2.1

copolymer

Chemical structure of poly vinylidene
fluoride) and its copolymer with
tetraf luoroethylene
(

10

B

*

Specific Sample Preparation

The crystallization experiments were carried out with

different techniques such as small angle light scattering,

polarized optical microscopy, wide angle X-ray diffraction
and differential scanning calorimetry.

Because each

technique imposes its own limitations and constraints,

different sample preparations were required.

1.

Polarized Optical Microscopy and
Small Angle Light Scattering

Great care was taken in the choice of the thickness for
SALS and POM samples, since multiple scattering effects must
be avoided, if a quantitative analysis of the SALS

intensities and angles is desired [70],

The thickness below

which negligible multiple scattering could be detected,
gives an upper bound value for the film thickness.

The

lower bound value was generally chosen larger than the size
of the investigated superstructure so that the film

thickness is not a parameter influencing the morphology to
too large an extent.

For samples of a given material that

were to be crystallized in different conditions
(temperature,

field strength, time,...) and for which

morphologies were to be compared, identical thicknesses were

11

always used.

For the crystallization studies,

the PVF 2

sample thickness was 50±10 m whereas for the copolymer it
was about 20 ±5 m.
For the crystallization without electric field, the

PVF 2 (respectively the VF 2 - F 4 E copolymers) films were

inserted between glass slides and cover slips and melted on
a hot plate for 10 minutes at 190°C (respectively at 150°C)

while being lightly squeezed between the glass substrates to
eliminate any surface defects such as air bubbles.

The

samples were then inserted in a hot stage which had been

previously aligned in the optical path of either the
microscope or the light scattering set up.
For crystallization under electric field, the procedure
was quite different.

A PVF 2 sample was inserted in the

center of a polyimide spacer (Kapton® film supplied by E.I.
du Pont de Nemours & Company Inc., Wilmington, Delaware) as

shown on Figures 2.2.a,b.

The sample-spacer set was then

inserted between the electrodes used to apply the field.
The electrodes were specially made for our use by Microwave

Printed Circuitry Inc., Lowell, Mass. and consist in glass
o

slides coated with a metallic layer of 200 A thickness (Gold
or Nichrome alloy)

.

The sample was then melted at 220°C in

the hot stage (Figure 2.3) and lightly squeezed between the

electrodes and allowed to flow in such a way as to fill

12

Figure 2.2

Sample set up for crystallization under
electric field; a. Side view,
b. Top view.
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Figure 2.3

Hot stage for crystallization under electric
field, a. sample set up (electrodes, PVDF
f i lm
spacer
thermocouple c connectors
b
to the high voltage power supply, d. pipes for
coolant, e. band heater.
,

)

;

.

,

.

.
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the air gaps between its edges and the spacer

.

The sample

was then allowed to relax in the melt for 15 minutes after

which the crystallization could be carried out in the hot
stage mounted on a polarizing microscope.
spacer is therefore threefold;

first,

The role of the

it prevents any air

breakdown in the gap between the two electrodes; second, it
eliminates any contact between the polymer sample and the
air,

thus reducing the probability for sample breakdown;

finally, it allowed for samples of uniform thickness to be

obtained and therefore for a uniform electric field to be
applied

Wide Angle X-ray Diffraction

2.

At this stage of the project,

the crystallization under

electric field could not be followed directly by WAXD.

The

samples were therefore examined in the diff Tactometer only
after the crystallization was completed.

Samples were used

directly, after separation from electrodes and spacers in a

water bath and drying.

For the study of the VF 2 - F 4 E

crystallization, parallelepipedic slabs were cut from the

as-received copolymer sheet and fitted in thin wall
capillary tubes

2

mm in diameter.

The capillary tubes were

.

17

then inserted in a hot stage mounted on the diff Tactometer

goniometer [71]

Differential Scanning Calorimetry

3.

For the study of the crystallization and melting

behavior of the two copolymer compositions

,

10 mg samples

were used as received, inserted in aluminum pans and placed
in the DSC cell. The study of the melting behavior of PVF 2

samples crystallized under the field was carried out after
all non destructive investigations were completed

SALS and WAXD)

.

(POM,

The sample weight was about 4-5 mg.

C.

Equipment Employed

1

.

Hot Stages

For the crystallization studies under electric field

,

a

specific hot stage had to be designed, that could be mounted
on a polarizing optical microscope and allow for the visual

observation of the crystallization process, that would allow
for easy and safe electric field application,

rate (from 220°C to around 150°C

)

fast cooling

and good isothermal

.
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stability (within 1°C)

.

Such an equipment was designed by

the author and built in the chemistry machine shop of the

University of Masssachusetts

.

A 225 watt band heater was

specially made to fit the hot stage and was built by
Industrial Heater Corporation, Bronx, New- York.

The

temperature was monitored by an Omega temperature controller
model 1921 using PID processes and a J-type thermocouple

placed in the very vicinity of the sample.

The temperature

calibration indicated that the temperature was uniform in
the cell (i.e. less than 1°C temperature variation over the

whole sample)

.

The fast cooling was achieved by circulating

nitrogen gas, first through a dewar filled with liquid
nitrogen or a mixture of dry ice and isopropyl alcohol and
then,
2.3).

through the copper tubing of the hot stage (Figure
The cooling rate,

though not constant was estimated

to average at 80°C/min and was sufficiently high to allow

for isothermal conditions to be reached without achieving

any crystallinity during the quench to the investigated

crystallization temperatures
For the high temperature dif f ractometry study, a hot

stage previously designed and built in our laboratory, was

used [71].

As a result of a very low achievable cooling

rate and of the necessity to record the diffraction profile
as a function of time with a low power X-ray source, we

could only study slow crystallization kinetics and were

therefore limited to a high temperature of crystallization.
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For all other experiments,

it was convenient to use a

Mettler hot stage, model FP-2 with nitrogen circulation for
The Mettler hot stage could also be

cooling purpose.

mounted on a polarizing microscope or inserted in the
optical path of the SALS set up to follow crystallization or

melting processes.

2

.

Polarized Optical Microscopy

Morphological observations on the micron scale were
made with a Zeiss polarizing microscope equipped with long
focal length objectives for high temperature studies.

Short

focal length objectives were used for room temperature

observations

Optical micrographs were obtained by means of

.

either a 35 mm camera or a Polaroid camera equipped with a
conical camera attachment.

The scale calibration was done

by use of a one milimeter stage micrometer.

3.

Small Angle Light Scattering

SALS patterns were recorded in H v polarization

conditions [72]

(i.e.

horizontal analyzer and vertical

polarizer) both photographically with a Polaroid camera and

.
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by means of a two dimensional position sensitive detector
(Videcon camera, E.G.&G. Princeton Applied Research

Corporation) interfaced with an optical multichannel

analyzer (0MA3).

The 0MA3 system has the same optics as the

previously described 0MA2 [73] and differs only by the

microprocessor interfaced to the detector controller.

The

new system is equipped with a Motorolla microprocessor model
68000 and a high resolution monitor resulting in an easier

alignment of the optics (laser, lenses, polarizers and
detector) through direct observation on a monitor screen of
the laser beam position and focussing, much faster data

acquisition and more convenient and flexible data handling
than the 0MA2

.

Since all scattering patterns had four-fold

symmetry, it was only necessary to record them digitally

along one of the four equivalent directions of maximum

intensity (azimuthal angle of 0 or 45°

,

depending on the

polymer system and crystallization conditions).

The

scattering angles were calibrated by use of a diffraction
grating and the scattering intensities by means of a

Lambertian glass diffuser.

It should be noted that a beam

expander (5X) could be used in the SALS studies to decrease
the laser speckle effect, by increasing the scattering

volume

.
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4.

Wide Angle X-ray Diffraction

WAXD patterns were first obtained photographically with
a pinhole collimated Statton camera [74]

to define the

diffraction angle range to be studied dif f ractometrically
and to check for the presence of any orientation in the
samples.

Then 9/29 scans [74] were obtained with a Siemens

four circle dif f ractometer model D-500 running in the

transmission mode with nickel filtered Cu K a radiation
(

XQ= 1.542

A).

Since no quantitative analysis of the X-ray

data was necessary, the diffraction profiles were not

corrected for sample absorption, incoherent scattering,

polarization factor and Lorentz geometrical factors

5.

[

74

]

Differential Scanning Calorimetry

Various crystallization and melting behaviors were

studied in a Perkin Elmer differential scanning calorimeter,
model DSC-2 operated under nitrogen flow and calibrated with

indium and tin standards.

The crystallization experiments

were carried out by first melting the samples encapsulated
in aluminum pans for 10 minutes (at respectively 220°C for

PVF 2 and

200°C for VF 2

-

F^E copolymer). The samples were

then quenched to the crystallization temperature and the

heat flow rate was recorded as a function of time.

The

melting traces were normally recorded at 10°C/min heating
rate unless otherwise specified.

,

CHAPTER

III

CRYSTALLIZATION OF POLY VINYLIDENE FLUORIDE)
(

UNDER STATIC ELECTRIC FIELD

A.

Introduction

The discovery of the piezo, pyro and ferroelectric

properties of poly vinylidene fluoride) has generated very
(

extensive research efforts aimed at the understanding of the

structure-property relationships of this material
found to exist in four crystal modifications
the

B

.

PVF 2 was

one of which

,

phase, exhibits one of the largest measured values of

spontaneous polarization among semicrystalline polymers [1].
The direct crystallization from the melt does not produce
the desired

polar

r

£

phase but either the non polar

a

phase or the

phase depending on the crystallization temperature.

In order to obtain the $ phase, one must subject the

starting material

(a

and/or

phase)

r

to physical processes

such as mechanical deformation (at temperatures lower than
100°C if the starting phase is

a

and 150°C for the t phase)

[39-44] and/or poling under very large electric fields [4550].

Whereas for the highest field strength the desired

phase is obtained, for intermediate field strengths, the
polar version of the a phase

23

(6

phase)

is formed

[50].

&
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The crystallization of PVF 2 from the melt produces

generally a spherulitic morphology [76-78].

This type of

morphology results from the succession of two events which
are,

namely, the primary nucleation of a new phase from the

melt and the three dimensional growth of lamellae outward
from the center of the spherulite.

The morphology of this

material has been thoroughly studied in the past [79-82],
however, no kinetic study has convincingly described the

nucleation mechanism for either phase [83-85],
Though primary nucleation in PVF 2 is reported to be

homogeneous for the

a

phase [83-85], polymers in general are

known to contain a very large number of impurities capable
to activate the nucleus formation.

Information on the

nature of the primary nucleation act can be obtained through
Avrami analysis of the kinetics of crystallization [86].
The Avrami exponent specifies

,

in theory, whether the

nucleation is homogneous or heterogeneous

,

what the

dimensionality of the nucleus is, and also whether the
growth is nucleation or diffusion controlled [75].
analyses have been performed for the

a

Such

phase of PVF 2 by

Nakamura et al.,[84], Mancarella et al.,[85] and Gianotti et
al.,[83].

The results of these different groups are not

consistent with one another and indicate the strong

dependence of the Avrami exponent value on experimental
conditions (i.e. sample cleanliness, temperature of the melt

25

prior to crystallization) and analytical methods used to

measure it.

Gianotti et al

.

,

[83] obtained an Avrami

exponent n*=2.3-2.9 for samples cleaned by filtration and
precipitation.

This value is nevertheless indicative of an

heterogenous nucleation process.

Nakamura et al.,[84]

obtained n=4 for crystallization of as-received commercial
samples at all crystallization temperatures.

This reflects

in principle a process of homogeneous nucleation with three

dimensional linear growth.

It is however difficult to

believe that no nucleation occurs heterogeneously in such a
commercial material where polymerization catalysts,

additives and dust particles have not been removed.
Finally, Mancarella et al.,[85] obtained Avrami exponents

between

3

and 4.6 from as-received commercial samples.

In

their experiment, the melt temperature prior to

crystallization was 177°C, which is well below the
equilibrium melting point of either

a or t

phase [82,87-88].

It was actually demonstrated by Weinhold et al.,[89]

that a

melting temperature of at least 220°C is required for the

destruction of preexisting nuclei and for complete loss of
remnant molecular order.

For that reason, the kinetic

analysis by Mancarella et al.,[85] cannot be considered
meaningful

.

Furthermore, droplet experiments [90] have

convincingly demonstrated that homogeneous nucleation can
only be observed for linear flexible polymers in very

specific conditions where absolutely no impurity is present

.

,
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in the melt and where no nucleation can occur on the

substrate.

From the previous considerations, it will be

assumed that the nucleation of the

a

phase occurs mostly

from predetermined heterogeneities.
For the t phase, however, the nucleation was observed
to occur preferentially by a heterogenous process on the

surface of dust particles.
feasible for the

r

No such Avrami analysis is

phase nucleation, since this crystal

modification is always formed simultaneously to the

phase

a

during crystallization from the melt.
Thorough examination of the morphologies produced by
isothermal crystallization from the melt allowed Lovinger
[81]

to define three general regions as a function of

crystallization temperature
For crystallization temperatures below 150-155° C

,

only

a

phase spherulites are formed, as a result of the larger

nucleation and growth rates for this phase as compared to
the t phase.

For crystallization temperatures above 150-

155°C and lower than 160-165°C, a mixture of
is obtained.

a

and

r

phases

Once nucleated, the a phase spherulites grow

faster than their r phase counterparts.

Finally, when the

crystallization temperature is larger than 160-165 °C
"disturbed morphological and birefringent features" are

observed in some r phase spherulites.

In this temperature

region, which corresponds to very low undercooling for the a
phase,

the spherulitic growth rate of the r phase becomes

27

larger than that of the a phase.

It was demonstrated by

electron diffraction that inclusions of

a

phase crystals are

observed in some r phase spherulites, thereby justifying the

denomination "mixed" for these

r

phase spherulites.

The crystallization behavior of PVF 2 at temperatures

higher than 160°C is further complicated by the existence of
a crystal-crystal transition from the a to the r

f

phase [79-

81,83,88,91-94] and subsequent degradation process by

dehydrof luorination within the r or t

!

crystals [95-96].

Based on the knowledge of the chain conformation as
well as chain packing within the crystalline units of the a

and t phases, it has been found that the r phase is polar

whereas the

a

phase is not [1].

It was then logical to

investigate the effect of an electric field on the

crystallization behavior of PVF 2 and to predict different
responses to the perturbation by the field for both phases.
Melt crystallization of poly (vinyl idene fluoride) as well as

poly ethylene oxide) under static and alternating electric
(

field was conducted by Tynenska et al.,[97] and no effect of
the field was observed.

Scheinbeim et al.,[98] recently

stated that an electric field had little effect on the

crystallization from the melt.

On the other hand,

I*u

et

al.,[99] noticed that the crystallization of PVF 2 under a
field of 0.07 MV/cm produced a much larger amount of t phase
crystals.

It was suggested that the increase in r phase
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content is related to a field induced dipole orientation
effect.

However attributing an entropic nature to the field

contribution to the nucleation mechanism is in disagreement
with the very low birefringence (An«10~ 9 - 10~ 6
Kerr experiments in polar liquids [100].

)

measured by

As will be seen in

IIIB.l, a different explanation for the effect of the field
on the phase content can be offered.

Taking a different approach, Scheinbeim et al

[98] showed

.

that the cold crystallization of highly plasticized (18%

tricresyl phosphate) PVF 2 under a field of 0.25 MV/cm

results in the formation of highly oriented

B

phase.

As a

result of the decrease in dielectric strength with
temperature, the maximum achievable field strength is much
lower for the melt crystallization studies [97,99] than for
the cold crystallization with plasticizer [98].

Certainly

as a consequence of the lower applied electric field, the

&

phase nucleation could not be observed in the melt

crystallized samples

.

Though for industrial applications

the cold crystallization process seems much more promising,
it is not a suitable model system if one wants to

investigate the interactions between the electric field and
the crystallization mechanism

.

During the isothermal cold

crystallization of the plasticized PVF 2

/

the steady decrease

in plasticizer concentration results in a continuously

changing glass transition temperature, equilibrium melting
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point and local electric field.

On the other hand, the

mechanism of melt isothermal crystallization under electric
field can be handled theoretically in a simpler way by

applying the classical theories of nucleation and growth
from the melt, where the effect of the field must be

accounted for in the activation free energy for primary and

secondary nucleation (c.f. III.B.l).

B.

Theory of Homogeneous Nucleation
under a Static Electric Field

1.

Description of the Model

An homogeneous primary nucleation theory [101-107] will
be used to calculate the rate at which cylindrical embryo of

critically stable size are formed by gathering of N strands
of length L and cross-sectional area A.
as,

We denote o Q and a

respectively, the end and side surface free energies of

the nucleus and

Af the free energy of melting of a

boundless unit volume of crystal.

The free energy of

formation of a nucleus in the absence of an electric field
can then be expressed as follows

A Fo

= - NAL Af + 2NA o
Q

:

+ 2L\/NA^ o

(IH-1)
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It is then necessary to determine the effect of an electric

field on the stability of the nucleus.

The scheme developed

by Isard [108] will be followed and his treatment extended
to the case where the nucleus polarization is not only of

the induced type but also has a permanent contribution.

It

is important to note that the change from an homogeneous

melt in zero field to a nucleated medium in a field E Q can

occur by two different routes as shown on the following

schematic

:

Field Eo
No nucleus
.

2

^

Field Eo
Nucleus

No Field
No Nucleus
No Field
Nucleus

The total change in F for a volume V = NAL of nucleus is the

same by either route.

F3 - F± =

where

:

AFo

A Fo

+

AF(2',3) =

4Fe

+

AF(1,2)

(III-2)

is the free energy change upon nucleation

outside the field.

.
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AFe

is the free energy change upon nucleation in

the field.

AF(2',3) is the free energy change upon applying
a field E Q to a volume V = NAL of nucleus.

AF(1,2)

is the free energy change upon applying

the field to a volume V = NAL of homogeneous melt.
It has an electrostatic energy contribution

AF(l,2) e and an entropy contribution due

to the

change in chain conformation in the melt when the
field is applied.

AF(1,2) =

where

:

-

NAL T (Se-So) +

AF(l,2) e

(III-3)

Se and So are respectively the entropy of the melt
in the field and outside the field.

The origin of

this entropy contribution can also be understood
in terms of the increase in the free energy of

melting when the field is present, since the

entropy of the melt is lower when the melt is
under the field

Equation III.

AFe

=

AFo

2

can be rearranged in the following way

+ NALT(Se-So)

+AF(2',3) -AF(l,2) e

:

(III-4)
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The term 4F(2',3) -AF(l,2) e is the difference in
electrostatic free energy between applying a field E to a
Q
volume V = NAL of nucleus and homogeneous melt.
It can be

computed in terms of the difference in electrostatic energy

between a capacitor of volume V c laying in a uniform
electric field E Q and containing n nuclei and a capacitor of
same volume and under the same field but containing an

homogeneous melt.
e

c

Each nucleus has a relative permittivity

and a permanent polarization P c and is embedded in an

amorphous matrix of relative permittivity e_.
a

The composite

permittivity of the nucleated system is denoted

e

and its

permanent polarization is P Q
It will be further assumed
that each nucleus is oriented in such a way that its
.

symmetry axis is perpendicular to the field direction.
(N.B.

It will be shown that these nuclei are formed at the

faster rate and therefore it is a good approximation to

ignore those which are oriented differently)

.

By use of a

generalized Guggenheim notation [109], it is shown
that for a system under electric field E Q the
free energy can be written as

(Appendix

I)

:

F

(T,V,E)

where

:

= F
Q

(T,V)

-

V P.E

-

(1/2)

Ve Q eE 2

(ITI-5)

P is the permanent polarization of the system.
e

€

vacuum permittivity.
Q is the
is the relative permittivity of the system.
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The electrostatic free energy change between a system

containing n nuclei under a field E Q and an homogeneous melt
under the same field is derived by means of equation III. 5.

n(AF{2\3)

AF(l,2) e

-

)

= - V C (P Q .E 0 +

(l/2)e 0 (e -

e

a )E*)

(III-6)

The nuclei volume fraction in the matrix is related to the

volume of the capacitor V c and the number of nuclei n by

v = n

NAIi

Vc

/

:

(III-7)

Since the nuclei volume fraction is very small compared to
unity, the different nuclei can be considered not to

interact with one another.

For cylindrically shaped nuclei,

the permanent polarization P c can be related to the sample
permanent polarization P Q and the volume fraction v [110]

by

:

2

= v

P

e

a

*a +

°

e

(IH-8)

Pc
c

The composite relative permittivity is obtained from

Rayleigh's empirical formula [111] for small volume fraction
v as

:

6
e

=

e

a

c

+

6

a

+ v

(6 c

7

"

e

a>
7
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The last equation can be rearranged to yield

—
<

€

= 2v

- ea

Then

,

€

a

6

c "

e

—

a>

(IH-9)

the difference between the stored electrostatic free

energy between one nucleus and an equivalent volume of melt
can be written as

AF(2» ,3)

:

&F(l,2)

-

(P C E o +
'

e c+

€

a

<

e

=

1/2

>

By use of equations III.
is given by

AF_

AFe

4

o<

€c

- € a> E o>

and III.

7

(IU-10)

vc v/n

the free energy change

:

2€ a

= AFo - NAL

e

*c +

+ NAL T

€

(£ c -£o +

2

(

1

/ 2 ) € o< 6 c ~ 6 a )E o )

a

(III-ll)

(Se - So)

Kerr experiments have indicated that the chain orientation
caused by the electric field was very low [100].

It should

also be pointed out that the induced polarization of a PVFg

melt is much smaller
(c.f

.

Appendix

S

)

.

.that the

crystal permanent polarization

Since the polarization is nothing but

.
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the average dipole moment per unit volume, this is

indicative of
melt

very low level of dipole orientation in the

a

Therefore

.

,

it is justified to neglect the melt

entropy change upon electric field application in front of
the electrostatic free energy contribution.

The second term in equation III ,11 is the sum of two

quantities which differ in sign since the melt relative

permittivity

e

permittivity

e

a is larger than the crystal relative
It can therefore be already predicted at

.

this stage that the effect of the field will be quite

different for a polar phase (i.e.
polar phase (i.e.

phase

a

t phase)

and for a non

)

For the non-polar phase the permanent polarization, P_w

,

vanishes and the free energy of nucleation can be written
as

AFe

:

= - NAL(Af + £i'I
0

where

:

p.

)

+ 2NA o Q + 2L\/nAic a
-

6

a)

tc c +

e

a

(6 C

»

€

6

°

3

(III-ll

1

)

E°
)

For a polar phase, the contribution to the free energy

arising from the permanent polarization is about two orders
of magnitude larger than that arising from the induced

polarization term

P

i

;

therefore, the latter can be neglected

and the free energy of nucleation under the field can be

expressed as

:
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AFe

= - NAL

(Af + £p-I 0
2

where

p

:

+ 2NA a
+ 2L V^t °
e

)

e

a

=

P

e

a +

(III-ll")

p
e

c

The critical size components N*

energy change upon nucleation

,

L* and the critical free

&Fe

are obtained by straight-

forward differentiation of the free energy change AFe [112].
a2

4

*

ns

=

;
(

— —Af

=

Li
e

Af

(

8-jt

P.E Q

+

4

*e
+

r

2

)

-" 7

P.E
~io
Q

(

IH-1 2

)

)

2
a0 a

AFe =
(

*f

+

£-I 0

)

If the crystallization temperature is not too far below the

equilibrium melting temperature Tm °

Af

=

where

Ah
:

,

Af can be expanded

(111-13)

(AT / T m °)

AT

= T

Ah

is the crystal enthalpy of melting.

°

- T is the

undercooling.

The nucleation rate under the field can then be obtained
[107]

:

from the equation

:
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= K

where

:

1

-

exp (- U Q /k(T

K

(111-14}

TJ) exp (-AfS/M)

is a constant

1

is the
Uo
Q

of
activation energy for the transport

trands to the nucleation site [113])

S'

T o> = T„ - 30

[113]

(K)

g

transition temperature for PVF 2
As a result of a low glass
temperatures,
of crystallization
[114] and a narrow range
be
of the transport term can
the temperature dependence
the transport term is
It is also assumed that
ignored.

.

of electric field strength.

independent

relative change of the nucleation
in order to assess the
logarithm of
and field strength, the

rate with undercooling

(i.e.
the reduced nucleation rate

ratio of nucleation rates

from
field) has been calculated
electric
without
and
with
has the following form
equations III. 12 and III. 14 and
:

Log 10

(I e /I o

2
8* °e °
-

)

- gTiSi'kT

,

{

,1

2
,

AhAT~^
Tm

_

)*

1

,

AhAT
Tm°

+ p

)

^
(111-15)

in the

thermodynamic constants appearing
For the different
reported for the a phase have
values
the
equation,
previous
For
phase.
not known for the T
are
they
since
used
been
from
polarization P was calculated
similar reasons, the

.
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experimental data obtained on

B

phase PVF 2 (Appendix

B)

The equilibrium melting temperature of the r phase has been

arbitrarily chosen as 220°C, since it has not been yet
determined with certainty [1].

All constants have been

listed in Table 3.1.
The ratio

I

e / IQ

is plotted as function of field strength

for various undercoolings for both the non polar a phase

(Figure 3.1. a) and for the polar t phase (Figure 3.1.b).

We

can readily see that for a given undercooling, the ratio
I

e /

I

Q increases

with field strength for the polar phase,

whereas it decreases with field strength for the non polar
phase.

Furthermore, for a given field strength, the lower

the undercooling, the larger the effect of the field of the

nucleation rate.

These results lead us to predict that the

nucleation rate of the polar

r

phase should dramatically

increase when the electric field is large (E
and when the undercooling is low.

0.05 MV/cm)

>

If the undercooling is

too large, no effect of the field should be observed.

Inversely, the nucleation rate of the non polar a phase

should decrease with field strength.

in this case,

However,

as a result of the lower contribution of the induced

polarization to the free energy of nucleation

(

as compared

to the permanent polarization), any effect of the field can

only be observed at extremely low undercooling, where the

driving force for crystallization is already very small.

.

..
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Table 3.1

Thermodynamic and dielectric constants for
PVF 2 homopolymer

quantity

value

e

c

4.0

e

a

12.5

Pc

10.0

Ah

201 .0

a
ae

ref

[115]

this work

MCcrn' 2

[85]

d

65.0 10~ 7 J. cm" 2

[85]

d

T°

(r)

220.0

°C

e

c

9.7 10" 7 J. cm" 2

°C

c

b

d

210.0

d

a

[85]

(a)

b

this work

comments

cm" 3

J.

T°

a

.

[82]
e

values obtained for the B phase.
calculated here by means of the Onsager dipolar liquid
theory (c.f. Appendix B and ref. [110]).
approximation (c.f. Appendix B)
values reported for the a phase
values assumed in this work.
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Figure 3.1

Reduced nucleation rate as a function of field
strength for various undercoolings,
a. Non polar a phase, b. Polar r phase
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Homogeneous Nucleation versus

2.

Heterogeneous Nucleation

Although it was suggested in section III. A that the

nucleation from the melt is mainly heterogeneous for both
phases,

it is felt that an homogeneous nucleation theory

can, at least qualitatively, predict the right trend for the

effect of the electric field on the nucleation process.

To

prove this point, one must examine the differences in the
energy of nucleation for homogeneous and heterogeneous

f ree

processes.

As seen on Figure 3.2, three different

interfacial free energies must be considered for the
Let a e be the fold
surface free energy, a the surface free energy of the sides

heterogeneous nucleation process.

in contact with the melt, a m the substrate-melt interfacial
free energy and o the substrate-crystal interfacial free
Q

energy.

For a parallelepipedic nucleus on a substrate, the

free energy of nucleation from the melt can be written as

^ F het
Aa

=

= ~ abl

Afo

+ 2ab a e + 2bl a

+

aUa

:

(III. 16)

a + a c - am

For such a nucleus, the critical nucleation free energy
is expressed as follows
obtained by minimization of AFg
et

:

2
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Figure

3

.

Schematic of heterogeneous nucleus.
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16
,

AF het
¥

ae a
~

=
(

Afo)

A a
;~
2

(III. 17)

This expression can be compared to the critical free energy
of homogeneous nucleation for an embryo of similar shape.

A F homo

—

——Afo

16 a e a 2

=

(III. 18)

2

(

)

If the nucleation occurs under electric field,

the same

derivations as in the homogeneous nucleation model can be
carried out.

The nucleation rate under the field can then

be expressed as

l£ et a

exp

:

16 o e

*n

(III. 19)

)

kT
p het

oAa

(

(

Afo

+ P het .E Q

2
)

general be different from

p homo

Decause

permanent polarization depends on the local field, which
itself depends on the dielectric properties of the

heterogeneity (substrate).

A rigorous calculation of this

permanent polarization could be directly applicable to the

modelling of the secondary nucleation process under electric
field.

It is apparent from equation III. 19 that the

physical nature of the phenomenon is the same.

The field

only affects the difference in chemical potential between
the solid and the liquid states and does not modify the

surface free energies.

The only difference between
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homogeneous and heterogeneous nucleation processes resides
in the constants appearing in the nucleation rate expression

(equation III. 19),

The temperature and field strength

dependence of the nucleation are essentially the same.
However, the absolute values for the nucleation rate and the

temperature dependence will differ since the numerator in
the exponential and the term P^et differ for homogeneous and

heterogeneous processes.

3.

Limitations of the Model

The model which has just been described, suffers from

certain limitations and only aims at a qualitative

representation of the phenomenon.

To test the model,

experimental results concerning the effect of the field at a

given undercooling and the effect of the crystallization
temperature at given field strength will be examined and
compared to the predictions.

Reasons why a quantitative

match between theory and experiment is not expected a
priori, are detailed in the following.
- First,

to calculate the nucleation rate of a polar

phase under the field, we assumed that every nucleus has its

permanent dipole moment parallel to the field direction.
Other nuclei may form with their dipole moment making an

angle

e

with the field direction.

For these nuclei, the

.
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term P E Q in equation III. 15 must be replaced by PE Q cos(e).
In such a case, it is possible to define an average

nucleation rate by integrating the angularly dependent
nucleation rate over a distribution of nucleus orientations.
Such an averaging process would of course yield a lesser
field effect than that shown on Figure 3.1.b.
-

Secondly, for reasons detailed in Appendix B, we were

forced to approximate the t phase nucleus permanent

polarization.

In order to obtain a more exact temperature

dependence of the effect of the field, it would be necessary
to calculate more exactly the r phase polarization.

Such a

calculation should be done in a similar fashion to that of
the

B

phase [115-116].

The crystal structure, size and

shape, atomic positions, finiteness of the dipoles must be

considered to calculate the internal field and derive the
permanent polarization

It is also imperative to use in

these calculations dielectric and Lorentz tensors instead of
the dielectric constants and Lorentz factors since the

crystal structure is not cubic
in mind,

.

With these considerations

there is no guarantee that the direction of the

permanent polarization is still parallel to the direct sum
of the vacuum dipole moments of the repeat units in the

nucleus
- Last,

unless experiments could be carried out on an

absolutely pure PVF 2 sample, there is also a need to examine
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the effect of ionic impurities and trapped charges on the

local field (Maxwell -Wagner effect).
It was possible to deal here with primary nucleation

without being overly rigorous for the assessment of the

t

phase nucleus permanent polarization and feel relatively

confident in the validity of the various approximations.
For the secondary nucleation, however, the environment of
the nucleus is quite different and an exact internal field

calculation is required to model the lamellar growth
process.

The formation of oriented crystals can only be

predicted if secondary nuclei are also stabilized by the
field and if this stabilization depends on the relative

orientation of the secondary nucleus dipole moment and the
local electric field.

C.

1.

a.

Experimental Results

Preliminary Experiments

Specific Experimental Set-up

The first experiment that was carried out to check

whether an electric field had any effect at all on the

crystallization behavior of PVF 2

,

used the set up described

on Figure 3.3 and the hot stage depicted on Figure 2.3.

.
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observation
in

area

the microscope

electrode

Figure 3.3

rone

N

zone

F

glass slide

sample

Schematic of electrode for simultaneous
observation of crystallization without and
with electric field

.
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Since the glass slides were covered on only half their width

with a metal coating (50 nm thick Gold layer), it was
possible to follow simultaneously the crystallization with
and without electric field.

The crystallization was

conducted by melting the KF 1000 PVF film at 223°C for 10
2
min in the hot stage, then applying a field of 0.1 MV/cm for
half an hour in the melt and finally quenching the sample to
the crystallization temperature (161°C).

The crystallization was then followed isothermally using a

polarized optical microscope.

To ensure that the substrate

itself (metallized glass versus bare glass) did not affect
the resulting morphology, crystallization experiments were

carried out on nichrome, gold and glass substrates without
electric field.

No morphological differences between the

different samples could be noticed.

Spherulite size and

birefringence as well as nucleation density were very much
alike

b.

Simultaneous Optical Microscopy Observation
of the Crystallization With and Without Electric Field

The region in the sample where no field was

applied is denoted "N" and the one where a field of 0.1

MV/cm is present by "F" (c.f. Figure 3.3).

At the beginning

of the crystallization, a first phase is seen to nucleate in
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the same manner in regions "N" and "F" and to grow slowly as
a result of the relatively high crystallization temperature.

After a couple of minutes, a very dense nucleation of a

second phase (called P for the present time) could be

observed in the region "F" only.

The region

11

P" was

subsequently quickly filled with very small and densely
packed spherulites of the P phase, along with the few larger
ones that nucleated originally (Figure
hand,

3. 4. a).

On the other

in the region "N" the crystallization was seen to

develop much slower than in the region "F" and the final

morphology (Figure 3.4.b) matched those reported by Lovinger
[81]. a phase spherulites had grown till impigement and

small t phase spherulites were surrounded by their

a

counterparts, as a result of the slower growth rate of the t

Comparison of these microscopy observations with

phase.

previous crystallization studies [79-82], indicates that the
large banded spherulites which nucleated first, are

constituted by
phase

P

a

phase crystals.

The determination of the

requires the use of X-ray diffraction technique and

will be described in the following sub-chapter.

4
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Figure

3

.

Optical micrographs of a KF 1000 sample
crystallized at 163°C simultaneously without
and with electric field,
a. E = 0 MV/cm,
b. E = 0.1 MV/cm.
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c

•

Wide Angle X-Ray Diffraction Study

As a reference, X-ray diffraction scans from

samples containing pure a and
in Figures 3. 5. a and b.

r

phase are shown respectively

Pure a phase sample was obtained by

crystallization from the melt at 150°C [117-118].

Pure t

phase was obtained by precipitation of a solution of PVF 2 in
n,n dimethyl formamide into a (50/50) methanol-water mixture
[119-122].

In Figures 3. 6. a and c, diffraction scans

corresponding to respectively regions "N" and "F" of a
sample crystallized under a field of 0.07 MV/cm at 168°C for
10 hours and then quenched to 148°C and kept at that

temperature for 20 minutes to ensure complete

Comparison of Figure

crystallization.

reference scans for pure

a

3. 6. a

with the

and r phases, indicates that the

region "N" does not contain any detectable amount of
crystals.

In contrast, examination

t

phase

of the scan on Figure

3.6.c (region "F") shows that the diffraction pattern arises
from a mixture of a and r phase crystals.

The presence of

phase can be deduced from the occurence of reflections at
20.7,

22.8 and 42.5 degrees corresponding respectively to

phase crystal planes [121-

(021),

(111) and

122].

A decrease of the (021) a phase reflection at 26.7

(

(042)+(221)

)

T

degrees and an increase in the ratio of the intensities of
the {110) a+r to (100) a reflections lead

r
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Figure 3.5

Reference wide angle X-ray dif f ractograms of
KF 1000 samples crystallized; a. isothermally
at 150°C (pure a phase); b. by precipitation
of a PVDF solution in DMSO in a water-methanol
mixture (pure r phase).
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Figure 3.6

Wide angle X-ray dif f ractograms of KF 1000
samples crystallized for 10 hours at 168°C
plus for 20 minutes at 148°C under a field
strength of: a. 0 MV/cm,
b. 0.05 MV/cm and
c. 0.07 MV/cm.
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to the same conclusion.

This result supports the previous

suggestion that the large spherulites which form initially
in both regions belong to the a phase and that the second

phase nucleating very densely in region "F" is the

r phase.

One might have expected to see some non negligible amount of

sample crystallized without electric

r phase even in the

field [81], since the crystallization was carried out at

high temperature.
kept in mind.

However, two important facts have to be

First, the r phase always nucleates with some

delay as compared to the

a

phase [79], and in our

experiment, the crystallization was not allowed to go until

completion at 168°C but ended at 148°C where no

t

phase is

expected to form, therefore the r phase content is expected
to be less than what it would have been, had the

crystallization been completed at 168°C.

Secondly,

a

and t

phases have the same a and b unit cell dimensions and their

corresponding diffraction patterns differ mainly by the
presence of the (111) reflection at 22.8 degrees for the r
phase.
(c.f.

This reflection has a rather low structure factor

Figure 3.5.b).

The wide angle X-ray diffraction

technique is therefore not a very accurate method to detect
low content in r phase, when large amount of a phase

crystals are present.
WAXD patterns of samples crystallized under electric field
were obtained with a Statton camera [74] with the X-ray beam
either parallel or normal to the film surface.

In all cases
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the diffraction patterns were isotropic and suggest that no

microscopic crystal orientation is present.

2.

Effect of Electric Field Strength at Constant

Temperature of Crystallization

a

.

t Phase Content

First, the effect of the field on the crystal

phase content is examined by DSC and WAXD.

KF 1000 samples

were crystallized at 168°C for 10 hours then quenched to
148°C and kept at that temperature for 20 minutes.

strengths of respectively

0,

Field

0.05, 0.07 MV/cm were applied

through nichrome electrodes as described in section II.B.l
e/29 WAXD scans corresponding to these samples are shown in

Figures 3.6.a,b,c.

Two of these scans were already examined

in section C.l.c of this chapter.

Comparison of 3.6.b with

3.6.c indicates that an increase in field strength leads to
an increase in the r phase content.

(N.B. Any variation in

peak intensity reflects a variation in crystal content,
since it was deduced from the Statton work that no

macroscopic crystal orientation was present)

.

No effort was

made here to derive the crystal phase composition from the

X-ray data, since the

r

phase structure factors are not

available from any source (although the crystal structure
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was claimed to be calculated by repeated trial and error and

constrained least square methods)

[122],

Differential scanning calorimetry was performed on the
same samples that were used for the WAXD studies.

The

calorimetric scans (Figure 3.7.a,b,c) are characterized by a

succession of four melting endotherms.

The low temperature

endotherm corresponds to the melting of crystals formed
during the quench to 148 °C, whereas the second and third

endotherm respectively near 179 and 186°C are associated
with the melting of respectively a and

phase crystals

r

formed at 168°C [79-82].
The small endotherm above 190°C is very probably due to the

melting of t

1

phase crystals produced by the a to r

1

crystal-crystal transition which has been reported to take
place at elevated temperature [79-81,83,88,91-94],

In

agreement with the X-ray results, Figures 3.7.a,b,c indicate

very clearly that an increase in r phase content results
from an increase in field strength for crystallization

experiments at identical undercooling.

An estimate of the

crystalline composition formed at 168°C can be deduced from
the the area under the two intermediate melting peaks.

Assuming that the heat of fusion for both
equal,

a

and t phases are

the degree of crystallinity in r phase increases from

less than 1* to 40* and 60* for respectively 0, 0.05 and

0.07 MV/cm for a 10 hour crystallization time at 168°C

60

Figure 3.7

Differential scanning calorimetric traces of
KF 1000 samples crystallized for 10 hours
at
168°C plus for 20 minutes at 148°C under a
field strength of: a. 0 MV/cm, b. 0.05
MV/cm
and c. 0.07 MV/cm.

.
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The low t phase content measured by DSC for the field free

experiment is consistent with the observation that the X-ray

diffraction scan (Figure
phase crystals.

a

3. 6. a)

appears to be totally due to

This observation confirms the inability

of X-rays to resolve a very low content in r phase.

t Phase

Nucleation Rate

PVF 2 samples (Polyscience 140,000 Mw) were

crystallized under fields of various strength at 166°C for
25 hours and quenched to room temperature

impigement occured after

6

.

(

N. B

.

full

to 20 hours of crystallization

depending on the field strength)

1

.

Polarized Optical Microscopy

Optical micrographs of samples crystallized at
166°C under fields of 0.04, 0.06 and 0.08 MV/cm are shown

respectively in Figures 3.8.a,b,c.

Examination of the

optical micrographs indicates that the population in large,

birefringent

a

phase spherulites decreases with electric

field whereas that of small, weakly birefringent r phase

spherulites increases with electric field

.

Direct

observation of the crystallization process in the

63

Figure

3

.

8

Optical micrographs of P140 samples
crystallized at 166°C for 25 hours under
field strength of: a. 0.04 MV/cm,
b. 0.06 MV/cm and c. 0.08 MV/cm.
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microscope, indicates that the nucleation and growth rates
of the

ct

phase are not affected by the field and that the

decrease in both number and average size of the

a.

phase

spherulites arises solely from the increase in

crystallization rate of the r phase under the field.

The

larger the field strength, the larger the number of r phase
nuclei and the faster the overall crystallization rate.

From the direct experimental observation of the

crystallization process, it is possible to give a very

qualitative description of the crystallization kinetics for
both phases without and with the electric field (Figures
3. 9.

a and b)

.

The beginning of t phase crystallization

occurs later than that of a phase [79],

This delay in

r

phase nucleation is observed to decrease with field strength
and eventually under high field and at low undercooling, the
t

2.

phase nucleates first (c.f. section III.C.3).

Small Angle Light Scattering

Hv

small angle light scattering patterns were

obtained for the same samples (Figures 3.10.a,b,c).

For

spherulitic morphologies, Hv SALS patterns can be explained
This
in terms of a model developed by Stein et al.,[72].
model provides an expression for the scattering intensity in
terms of the radial (9) and azimuthal (m) scattering angles
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Figure 3.9

Qualitative representation of the a and r
phase volume fraction as a function of
crystallization time; a. with field,
b. without field.
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Figure 3.10

H v small angle light scattering patterns of

samples crystallized at 166°C for 25 hours
under a field strength of: a. 0.04 MV/cm,
b. 0.06 MV/cm and c. 0.08 MV/cm.

and a relationship between the angle at maximum scattering
and the sixth moment average spherulite radius

:

144 k Ng V
H v (U,m)
n

=

(p r - p t

2
)

[sin(M)cos(M)cos(o 2

((cos 2 (9/2))/cos(e))(/ H (U))]
V

)

2

(III. 20)

4.09 =

where

(4ir

:

R s /'A 0 )sin

RH

v

(9

(III. 21)

max /2)

= (I/Io)(r z /V)

is the Rayleigh ratio for

horizontal analyzer and vertical polarizer
Io are respectively the scattered and incident

I,

intensities
r =

the sample to detector distance

V =

the scattering volume

U =

magnitude of the reduced scattering vector
(U = 4*(R
S /

}0

)

sin (8/2)

average spherul i te radius

wavelength of light in vacuum
number of spherulites per unit volume

v

.

.
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For a sample containing two kinds of spherulites

(

and t

a

phases), the total Rayleigh factor can be written as

= °« R H («)
V

R H*

where

:

0

a

+

" *a>

(1

RH

V

<

T

volume fraction of

=

(o T =

- o
a

1

:

(III. 22)

)

a

phase spherulites

)

For volume filling spherulites, N S V in equation III. 20 can
be replaced by unity and the H v Rayleigh ratio can be
rewritten more simply for the i crystalline phase as

RH

(U,m,D

where

:

= K R s 3 (i)

Rg

(

i

}

2
(i)
(p r - P t
)

f

(U,m)

:

(III. 23)

is the average spherulite radius for the

phase

i

(P r ~ Pt)(*)

is the po^arizabili ty anisotropy for

the phase

i

f(U,M) accounts for the U and m dependence of

R„
n v (U,m)
K is a constant.
•

The polarizability anisotropy of a spherulite can be

expressed as [123]:

P

f

.

.

.

.

.
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(p r - p t

)

= O cs f
cs (p r - p t )° +

(1

-

O cs )f
as

o +
Fb
(p r - p t)

(III. 24)

where

:

(p r - Pt^c
(

f

r ~

Pt a

*s

^e

i ntr i nsic

crystal anisotropy.

*s

t ^ie

i n tr i ns i c

amorphous anisotropy

'

)

cs crystal orientation function (with respect to

radial direction in the spherulite)
f

as amorphous crystal orientation with respect to
the radial direction in the spherulite)

0

CS the volume fraction crystallinity within the

(

spherulite
is the form anisotropy arising from the

amorphous-crystalline interface

It is generally a good approximation for unoriented

spherulitic materials to consider that the amorphous
orientation is random
is negligible.

(

as

= 0)

and that the form anisotropy

Using equations III. 23 and III. 24, equation

III. 22 can then be rewritten as

t
= K f(U,M)
Rw
n v (U,M)

{

R

3

(ct)

R 3 (r)

((p
(

:

-

Pt )°)

2

(«)

2
(p r - Pt )°) (T)

o

c |(«)

*l s (T)

+
)

(III. 25)

It can be easily seen from equation (III. 25)

that the total

Rayleigh ratio will have contributions from both

a

and

r

72

phase spherulite radius and polarizabili ty anisotropy.

average

r

phase spherulite radius is much smaller than the

phase one.
the radius

The
a

Since the Rayleigh ratio varies as the cube of
no large contribution to the scattering

,

intensity is expected to arise from the r phase.

Furthermore

since the SALS technique is sensitive to the

,

sixth moment of the spherulite radius distribution [124125]

,

it strongly favors the large spherulites and is less

sensitive to the population of smaller ones.
spherulite birefringence of the
smaller than that of the

a

r

Further, the

phase, is known to be

The spherulite

phase [1].

anisotropy can be related to the spherulite birefringence
through the Lorenz-Lorentz equation

^il.L>

nr - n t =

where

:

9

[

95

]

:

2

(Pr - p t

(HI.

)

26,

n

n r is the spherulite radial index of refraction

n^ is the spherulite tangential index of refraction
n

is the average refractive index,

n = (n r + 2n t )/3

Since the Rayleigh ratio varies as the square of the

polarizability anisotropy, this constitutes a second reason
for a larger intrinsic Rayleigh ratio for the a phase over

the t phase.

The SALS patterns of the samples crystallized under field

strength of 0.04, 0.06 and 0.08 MV/cm were respectively
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recorded with

1,

3

and

9

second exposure time.

The value of

these exposure times, in combination with the intensity
level of these patterns indicate that the H v scattered
Further,
intensity decreases markedly with field strength.

the angle at maximum scattering intensity is observed to

shift to higher values when the field strength is increased.

These two observations suggest, in agreement with optical

microscopy observations, that the content in and size of
phase spherulites is decreasing with field strength.
the highest field strength used (E = 0.08 MV/cm)

,

a

For

two

superimposed four leaf clover H v SALS patterns can be
The low angle one corresponds to the few larger
discerned.
a

phase spherulites still present in the sample, whereas

that at wider angle is associated with the more numerous,
but smaller r phase spherulites.

3.

Effect of Crystallization Temperature
at Constant Electric Field Strength

The effect of the field was also compared at various

crystallization temperatures for zero field strength and for
about 0.09 MV/cm field strength.

.
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a

*

Polarized Optical Microscopy

Typical optical micrographs of samples

crystallized at 153, 158, 160, 162 and 164°C under different
field strengths are shown on Figures 3.11.a-e.

If we denote

the phase content and the average spherulite radius for the

phase

i

by respectively 0°

and R° when the sample is

crystallized without electric field and by 0®

and R^ when

the sample is crystallized with electric electric field.

Figure

3. 11.

a suggests that for the crystallization

temperature of 153°C or lower the electric field does not
affect the crystallization process.
For higher crystallization temperatures

comparison of

,

micrographs of samples crystallized without and with
electric field indicates that the higher the crystallization

temperature

,

the larger the effect of the field (i.e. the

larger the ratios

0®

/

0°

,

0°

/

0*,

R°

/

R®

,

R*

/

R?

)

The t phase spherulites formed under the electric field
(c.f.

Figure 3.11.ii.a-e, Figure 3.12) have a different

appearance under polarized light than those formed in the
absence of the field (Figure 3.11.i.e).

First,

for

spherulites of identical size, the depolarized transmitted
intensity is larger for the t phase spherulites formed in
the absence of the field.

Qualitatively, this indicates a

lesser degree of either crystallini ty or radial orientation

.
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Figure 3.11

Typical optical micrographs of P140 samples
crystallized without (i) and with (ii)
electric field (E«0.09 MV/cm)
c. 160°C.
a. 153°C,
b. 158 °C,
(continued on page 78)

76

.

77

Figure 3.11

Typical optical micrographs of P140 sampl
crystallized without (i) and with (ii)
electric field (E^0.09 MV/cm)
d.

162°C,

e.

164°C.

(continued from page 76)
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100 M
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Figure 3.12

Morphology of P140 sample crystallized at
162°C under a field of 0.09 MV/cm.
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of the b crystal optic axes for the r spherulites formed

under the field.
Then, as will be discussed in a next section, the t

phase spherulites formed under high field and at low

undercooling ressemble more disk-like objects than well
developed spheres (Figure 3.16.c, pp. 89).

This,

in turn,

may also suggest the existence of a plane of (preferred)
faster growth.
It is difficult to provide a more quantitative

description of the field dependence of the growth mechanism
or to give a more rigorous explanation for the shape of the
t

phase spherulites formed under the field, since this would

require the a priori knowledge of the local electric field
at the growth front of the lamellar crystals in any

direction with respect ot the external electric field.
Although it was possible to describe to some extent the
effect of the field on the primary nucleation phenomenon,

examination of the field dependence of the growth rate and

anisotropy remains a challenging theoretical problem.
Experimentally, these observations are restricted to high
fields and low undercooling conditions and even then cannot
be directly quantified as a result of the intrinsically low

birefringence of the

r

phase spherulites.

Furthermore, the

direct interaction of the external field with the secondary
nuclei is complicated by the possible existence of a

Maxwell-Wagner polarization and by electrode effects.

.
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b.

Differential Scanning Calorimetrv

Differential scanning calorimetry was used to

estimate the relative amount of
formed in different temperature

a
,

and r phase crystals
electric field conditions

Samples crystallized between 153 and 168°C with (E^O.08-0.09
MV/cm) field or without field were heated from 50 to 200°C
at a 10°C/min rate and the melting endotherms were recorded

and analyzed to yield the enthalpy of melting for both a and
t phase.

Since the enthalpy of melting of the pure r phase

is not known,

instead,
t phase

the pure a phase enthalpy of fusion was used

in order to calculate the t phase content from the

melting enthalpy.

Plot of the r phase content as a

function of crystallization temperature and field strength
is shown on Figure 3.13.

In agreement with optical

microscopy observations, no influence of the field can be
detected at 153°C, whereas for higher temperatures, the
smaller the undercooling, the larger the effect of the field
on the r phase content.

Making again the same assumption for the pure

r

phase

melting enthalpy, one can obtain the total degree of
crystallinity

(

a

+ r

phases formed at that temperature and

not during the cooling after impigement was reached) as a

function of crystallization temperature and field strength.

Results of these analyses are plotted on Figure 3.14 and
indicate that the degree of crystallinity increases with
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gure 3.13

r phase content as a function of

crystallization temperature and electric field
strength.
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Figure 3,14

Overall degree of crystallinity as a function
of crystallization temperature and electric
field strength.
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undercooling when the crystallization is carried out under
the field, whereas it decreases with undercooling when the

crystallization is carried out without electric field.

It

should be noted here that, if the entropy of melting of

a

and t phase crystals is the same, the enthalpy of melting of
cc

phase crystals must be larger than that of the

(since T^(t)

>

r

phase

T^(o)); therefore, the calculated value of

the degree of crystallinity is an overestimate of the actual

degree of crystallinity and the difference between actual
and calculated degree of crystallinity increases with r

phase content.

Finally, since the difference in

r

phase

content between samples crystallized with and without field,

increases with crystallization temperature, it is inferred
that the difference between the full (E=0) and the dash

(E=0.08-0.09 MV/cm) curves must actually be somewhat larger
than represented on Figure 3.14.

4

.

Electrode Effects

For samples crystallized at high field and high

temperatures (Figures 3.15.a,b), the morphology observed by

polarized optical microscopy by focussing at different
depths in the film is not uniform, as is indicated by very
large differences in spherulite size, population and

birefringence.

Samples were therefore microtomed in a plane
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Figure 3.15

Optical micrograph of P140 sample crystallized
at 168°C under a electric field of 0.09 MV/cm.
a. focus on the positive electrode side,
b. focus on the negative electrode side.

30m
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normal to the film surface (parallel to the direction of

applied electric field), examined through their thickness in
the microscope (Figure 3 16 c
.

.

)

and compared to samples

crystallized without electric field (Figure

3. 16. a).

For

samples crystallized without field, the morphology is

uniform across the thickness.

a phase spherulites nucleate

first [79,126] in the bulk or on the substrate and grow to

large dimension, whereas r phase spherulites nucleate later
in the non crystallized remaining part and do not reach very

large size (Figure

3. 16. a).

For samples crystallized under

the field at intermediate temperature (162°C) the

distribution of the different phases is essentially similar
but with smaller

or

phase spherulites and a higher content in

less birefringent r phase spherulites (Figure 3.16.b).
t

The

phase spherulites do not selectively nucleate on the

substrate and are still formed with a certain delay with
respect to the

a

phase spherulites (as during

crystallization without electric field [79]).

For samples

crystallized in the high temperature range, very different
morphologies were repeatedly observed in the vicinity of the
positive and negative electrodes (Figure 3.16.c), in
agreement with observations made with the light beam normal
to the film surface (Figures 3.15.a,b).

Near the positive

electrode the nucleation density is always much larger than
near the negative electrode.

The morphology observed near

the negative electrode is consistent with the presence of

.
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Figure

3

.

16

Optical micrographs of microtomed P140 samples
crystallized in the following conditions
a. T = 164°C
E = 0 MV/cm,
b. T = 162°C
E = 0.09 MV/cm,
c. T = 168°C
E = 0.09 MV/cm.

100 ym

50um

.
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very large disk-like spherulites with lamellae radiating
parallel to the film surface (Figures 3.15. a, b and 3.16. c).
The reason for such a non uniformity of the morphology is
not completely clear yet but might be related to

observations made with PVF 2 samples poled at high field in
In the latter studies,

the solid state [127-129].

it was

noted that the permanent polarization near the positive

electrode was always much larger than near the negative
electrode

D

.

Discussion

In section B of this chapter, a model of homogeneous

primary nucleation under a static electric field was
developed.

This model, by taking into consideration the

differences in dielectric properties between a polar and a
non-polar nucleus
t

,

predicted that the nucleation rate of the

phase would increase with electric field strength, whereas

the nucleation rate of the a phase would decrease with field

strength if the crystallization temperature is sufficiently
high.

However,

for given field strength and undercooling,

the effect of the field is much larger on the polar phase

than on the non-polar phase.

In order to observe any

decrease in the nucleation rate of the a phase, one would
have to carry out the crystallization at extremely low
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undercooling

to 10°C)

(5

.

The model also predicted that,

the higher the crystallization temperature

effect of the field.

,

the larger the

In section C, results of

crystallization experiments under electric field were
reported.

It was first noted through optical microscopy

observations that in agreement with the model, the
nucleation rate of the

r

phase was enhanced by the presence

Combination of WAXD, DSC and microscopy

of the field.

showed that the

t

phase content markedly increases with

electric field strength, as a result of the larger

nucleation rate of the r phase.

In order to investigate the

effect of the crystallization temperature at a given field

strength

,

PVF 2 samples were crystallized between 153 and

164°C at 0 and 0.08-0.09 MV/cm.
the predictions,

Again,

in agreement with

there is no observable effect of the field

at the lowest temperature but,

for lower undercooling,

the

effect of the field on the r phase crystallization process
is much larger.

The degree of crystallinity was estimated

by DSC and is observed to decrease with temperature for

crystallization under the field

,

whereas for crystallization

without electric field, it increases with crystallization

temperature (as is generally observed for most polymers
[75]).

The effect of the field would then be equivalent to

that of a quench, only active at high crystallization

temperature.

At low crystallization temperature, the bias

imposed by the field is not large enough to compete with the
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driving force imposed by the undercooling, whereas at high

crystallization temperatures

,

the undercooling induced

driving force is much smaller and the relative influence of
the field becomes more important.

It was not possible to

verify the predictions of the decrease in nucleation rate of
the

<x

phase with field strength, since this would require to

observe a slowing down of a crystallization kinetics that

would already be extremely slow

(

a 5°C undercooling might

result in crystallization times of the order of several

years

!).

Furthermore, in that temperature range, the

effect of the field on the r phase is quite large and the

crystallization might already be complete before the

a

phase

had any chance to nucleate, would the field be absent.
Finally, peculiar electrode effects were observed when the

crystallization was carried out at low undercooling and
under large fields.

For such experimental conditions, the

nucleation rate of the

r

phase is much larger in the

vicinity of the positive electrode than in the vicinity of
the negative electrode and the crystal orientation seems to

vary to a large extent across the thickness of the sample.
Similar effects have also been observed in samples poled at
room temperature under very large electric fields but are
not yet understood.

In the latter case,

the polarization

was observed to be very inhomogeneous across the thickness

and to be maximum at the positive electrode.

This,

in turn,
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could account for the increase nucleation rate near the

positive electrode.

Although there is seemingly good agreement between the
proposed model and the experiments of crystallization under
the field, there is some apparent discrepancies between our

conclusions and conclusions from other groups.
Tynenska.

,

First,

[97] did not observe any effect of the electric

field on the crystallization behavior of PVF 2

Their

.

experiment was conducted at low crystallization temperature
and intermediate field strength.

The nucleation theory

which has been proposed in section III.B.l predicted that
the effect of the field decreases as the undercooling

increases

.

In their experimental conditions

,

it is now

understandable why no effect of the field is expected.

In

contrast with results obtained in the present study, Lu et
al

.

[99] observed a very large increase in the r phase

content even at low crystallization temperature (betweeen
100°C and 140°C)

.

However, PVF 2 like many other linear

flexible semi-crystalline polymers crystallizes very rapidly
upon cooling.

As for the case of polyethylene,

it is not

possible to quench PVF 2 without achieving any crystallini ty
For the commonly studied PVF 2 grades, the lowest temperature
that can be reached without noticeable crystallization (for

conventional cooling rates), is located around 140 to 145°C

depending on the polymer molecular weight, film thickness
and experimental conditions... It is therefore deduced that
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the crystallization experiments reported by Lu et al

.

[99]

were not conducted in isothermal conditions unlike those

described in Chapter II.

Furthermore, the nature and

geometry of the electrodes that were used in their
Although no systematic study

experiments differ from ours.

of the influence of the metal used for the electrode on the

crystallization behavior with the field was carried out, it
is apparent that some slight differences in the resulting

morphology exist.

For example, Figures 3.4 and 3.11

indicate that for different

PVF 2 grades, the morphology of

samples crystallized without electric field is the same

whether the metal electrode is gold or nichrome.

However,

the morphology of the sample crystallized under the field

seems to vary with the nature of the metal electrode
(Figures 3.4 and 3.11).

Whether, this is related or not to

differences in Fermi level in different electrodes and
therefore to differences in electron injection in the
material is not understood yet.

Such a question has already

been raised in past studies of the poling of PVF 2 with

different types of electrodes and needs to be addressed more
completely.

Although there is no quantitative agreement

between the values reported by Lu et al. [99] and these
derived from this work, the effect of the crystallization
temperature on the r phase content follows the same trend.
One must however keep in mind that the t phase contents

reported by Lu et al., have been obtained by monitoring the
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ttt conformation sequences.

Such sequences also exist in

#

phase crystals or to some extent in the amorphous phase.
Therefore, the absolute values reported for the r phase

content must be considered with caution, although the trend

observed for increasing field strength is certainly
significant.

Finally, Scheinbeim et al.

[98]

claimed that

very little effect of the field on the crystallization from
the melt could be detected.

As has been already discussed,

very specific experimental conditions have to be met for the
effect of the field to be observable

.

Beside the

crystallization temperature and field strength constraints,
it must be kept in mind that these experiments are difficult

to carry out because of the likelyhood to encounter

dielectric breakdown.

Whenever an air bubble is present

between the electrodes at the time of crystallization, the

application of the field results in the formation of a
plasma and much of energy of the field is utilized to

sustain the plasma and little polarization of the material
is achieved.

.
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E.

Conclusion

A model of homogeneous nucleation under static electric
field has been developed which predicts that the nucleation

rate of a polar crystalline phase is enhanced by the

presence of an electric field.

It is also shown that a non

polar phase can nucleate slower under a field than in the

absence of it.

The model also predicts that an increase in

field strength or a decrease in undercooling results in an

increase in the effect of the field on the nucleation
process.

It is also demonstrated that the field has a much

larger effect on the polar t phase than on the non polar

a

phase

Experiments designed to test this model have yielded

qualitative agreement concerning the crystal 1 ization
temperature and field strength dependence of the nucleation
rate of the polar

r

phase.

However, no experimental

verification of the effect of the field on the
crystallization was feasible.

a

phase

The electric field was also

observed to cause a decrease in overall crystallinity and in
t

phase spherulite birefringence.

This is likely to suggest

an increase in spherulitic growth rate with field strength.

Finally, peculiar electrode polarity effects were observed

which are reminiscent of solid state PVF 2 poling studies.
This electrode effect resulted in very inhomogeneous

morphologies across the sample thickness and was only
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observed in high field, high crystallization temperature
conditions
prominent

,

where the role played by the electric field is

CHAPTER

IV

CRYSTALLIZATION AND CURIE TRANSITION
IN VF 0 - F A E

A.

COPOLYMERS

Introduction

Considerable work has been carried out in the past few
years to investigate the existence and characteristics of
the Curie transition in poly vinyl idene fluoride
(

related copolymers [10-34].

)

(

PVF 2

)

and

The intrinsic ferroelectric

nature of PVF 2 was first suggested by the observation of a
ferro to paraelectric transition in vinylidenetrif luoroethylene copolymers (VF 2 -F 3 E) of various VF 2 mole

fractions [10-26].

Lovinger et al

.

,

[16,17] proposed a value

of 205°C for the Curie temperature of PVF 2 by extrapolation
of X-ray and dielectric data for VF 2 ~ F^E copolymers to 100*

VF 2 content.

To avoid any ambiguity in the interpretation

of the data as a result of the alteration of the chemical

structure of PVF 2 by a different chemical species
(difference in tacticity or regicity)

,

(F 3 E)

copolymers of

vinylidene fluoride and tetraf luoroethylene (VF 2 - F^E
examined [27-33].

In the latter case,
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)

were

the presence of F 4 E
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units is analogous to an increase in the number of head- to-

head (HH) linkages in PVF 2 homopolymer
be noted that in PVF 2

/

.

However, it should

conversely to the VF 2 - F 4 E copolymer,

each HH linkage is followed by a TT (tail-to-tail) linkage,
these HH-TT defects amounting to 3.5 to 6* in commercial

PVF 2

.

Studies similar to these carried out on the VF 2 - F 3 E

copolymer yielded an extrapolated Curie temperature of 196°C
for pure PVF 2 and demonstrated that the Curie temperature of

the copolymer increases linearly with VF 2 content up to

around

(

81/19

)

mol* fraction, where the Curie transition is

aborted by melting [30,33]

(c.f. Figure 4.1).

More recently, Lovinger et al ,[34] were able to synthesize
.

PVF 2 homopolymers of various HH-TT content between 0.2 and
23.5 mol% and to demonstrate unequivocally the existence of
the Curie transition in pure PVF 2

between 13.5 and 15.5*.

,

when the HH-TT content is

For commercially available PVF 2

grades, the lower amount of HH-TT defects raises the Curie

transition above the melting temperature, preventing the

observation of the ferro to paraelectric transition.
In any cases,

the F 3 E or F^E units and the HH-TT linkages

act as defects copolymerized with VF 2 monomers.
of the chemical defects in the chain,

As a result

the crystal packing

efficiency decreases, reducing the steric and electrostatic
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Figure 4.1

Compositional variation of the Curie
temperature, Tc and the melting temperature,
Tm in copolymers of vinylidene fluoride with
tetraf luoroethylene from ref. [33],
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repulsions between neighboring segments.

Such a decrease in

interchain interaction favors at low temperature the all
trans conformation

(

ferroelectric phase

usually obtained TGTG

1

)

as opposed to the

conformation of the

a

crystal phase.

A concomittent effect of the chemical defects is the

reduction of the Curie temperature below the melting
transition of the ferroelectric phase [9,16,17,33],
Most of the investigations of the crystallization from
the melt and the incipient Curie transition in VF 2

-

F4 E

systems have been focussed on the 81/19 mol* composition
[27-33].

Results from differential scanning calorimetry

(DSC), wide angle X-ray diffraction (WAXD) and dielectric

studies have suggested that by cooling from the melt this

particular copolymer crystallizes into the paraelectric
phase and then undergoes a crystal-crystal transition into
the ferroelectric phase upon further cooling.

The Curie

transition was reported to exhibit an hysteresis and to be
observed at higher temperature during heating runs than

during cooling runs [30,33].

For the (81/19) mol*

copolymer composition, however, the Curie transition lies in
the vicinity of the melting transition and competition

between crystallization and crystal-crystal transition
should affect the content in various crystalline phases.

verify this prediction, experiments must be designed where
the kinetics of both processes can be estimated (i.e. by

To
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varying the cooling rate or, better, in various isothermal
conditions)
First,

the morphology of this copolymer will be studied on

the superstructural level by small angle light scattering
(SALS) and polarized optical microscopy (POM).

Then the

kinetics of crystallization and Curie transition will be

investigated by WAXD, SALS and DSC.
The morphology of isothermally crystallized PVF 2 has

already been documented in Chapters

morphology of VF 2

- F E
4

I

and III.

The

copolymers has not, however,

received as much attention

.

It is important,

for example to

understand the effect of copolymer composition and
crystallization conditions on the morphology and to compare
them to those of PVF 2

.

In this context

,

the crystallization

behavior of (81/19) and (93/07) mol* compositions will be
examined in more detail.

B.

Study of the

(

81/19

1

.

)

mol'X

VF 2

"

Copolymer

^4-

Morphology

For crystallization temperatures between 117 and 132°C
the copolymer crystallization did not produce the regular

spheruli tic morphology that is commonly encountered for PVF
and other polymers

Optical micrographs of samples

.

quenched from the melt into iced water, slowly cooled and

crystallized isothermally at 117, 123 and

127°C (Figures

4.2.a-e) indicate that the nucleation density is much large

than for PVF 2 at similar undercooling and suggest that the

resulting morphology consists of crystal agregates which

eventually grow to form imperfect spherulites of very small
size (typically less than

5 m)

.

Small angle light scattering in crossed polarization

condition shows three different kinds of patterns depending
on the crystallization temperature (Figure

4

.

3 .a-e)

low crystallization temperature (quenched sample)

,

.

For

4-fold

symmetrical H v SALS patterns with maximum intensity at
(0-90°) azimuthal angles are observed (Figure 4. 3. a) that

are similar to these reported for other

f

luoropolymers such

as the copolymer of chlorotrif luoroethylene and vinylidene

fluoride

(

P

(

CTFE-VF 9

)

)

[130] and polytetraf luoroethylene
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Figure 4.2

Optical micrographs of (81/19) mol* VF 2 - F 4 E
samples crystallized in the following
conditions: a. quenched in iced water,
c. 117°C,
b. cooled from the melt (10°C/min)
/

d.

123°C,

e.

127°C.
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Figure 4.3

small angle light scattering patterns of
(81/19) mol% VF 2 - F 4 E copolymer crystallized
in the following conditions a quenched in
iced water, b. cooled from the melt
(10°C/min), c. 123°C,
d. 127°C.
e. 127°C lower exposure time.

Hv

.

.
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(PTFE)

[131,132] crystallized at low temperature.

Optical

[131] and electron [133] microscopy observations combined

with small light scattering studies concluded that the

morphology of the latter systems consists of assemblies of
correlated rod-like structures

At intermediate

.

crystallization temperature (slow cooled sample),
superimposed (0-90°) and 45° H v scattering patterns are
observed (Figure 4.3.b)

.

The fact that no intensity maximum

(other than at 0 scattering angle) can be observed in the
45° H pattern,
v

indicates that, either incomplete spherulite

(sheaf-like) superstructure or rod like agregates, with a

different orientation correlation function for the crystal
As a result of the very

optic axis, are present [132].

small size of these superstructures (Figure 4.2.b)

polarized optical microscopy observations do not permit to
decide which of the latter two possibiliti tes holds.
higher crystallization temperatures

(

For

isothermal

experiments), patterns such as these depicted in Figure

4.3.c-d are observed.

In the low angle region,

the (0-90°)

cross pattern is no longer present and is replaced by an

apparently isotropic scattering
micrograph on Figure 4.3.e).

(

c f
.

.

low exposure time

The more detailed description

of this low angle scattering in terms of hedritic structures

(very birefringent entities seen in Figure 4.2.c-e) is given
in section IV.C.l.

In the wide angle region,

the 45°
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pattern still does not show any maximum in the radial

direction and is consistent with the fact that no clear
spherulitic morphology can be observed in the corresponding
optical micrographs (Figure 4.2.c-e).
As was mentioned earlier, hedrites are observed to

crystallize concomittently to the rod-like crystal agregates
(and/or incomplete spherulites

)

.

Hedrites [78] are

generally described as stacks of single crystal lamellae
growing in the thickness direction by a mechanism of screw
dislocation.

The fact that their thickness can approach the

micron scale and that their birefringence is very large,
indicates that the lamellar stacks consist in about hundreds
of single crystal lamellae stacked in high crystal lographic

registry.

Hedritic structures were previously observed in

materials such as iso tactic polypropylene

[

134

]

polyethylene oxide [135], isotactic polystyrene [136] but
have not been reported sof ar for either this material or for

poly (vinyl idene fluoride

)

.

As expected for any

crystallizing material, hedrites are observed to develop in
a more perfect fashion when the crystallization is carried

out at lower undercooling

.

For instance

,

for

crystallization at 132°C for five weeks, very large (30

m in

diameter) hedrites can be observed (Figure 4.4) that have

perfect crystallographic facetting and hexagonal shapes
(other shapes are observed as well).

The large hedrites are

always seen to nucleate preferentially on either top or
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Figure 4.4

Optical micrograph of hedrites using Nicols
and first order retardation red plate. (81/19
mol* crystallized for 5 weeks at 132°C).
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bottom glass substrates and to grow parallel to the
Their selective nucleation on the substrate can

substrate.

be accounted for by a lower free energy of nucleation for a

heterogenous process.

For lower crystallization

temperature, they are a smaller in size but larger in

population as can be expected from the general temperature
dependence of the nucleation rate (c.f. Figure 4.2.d,e).

As

a result of their smaller size at lower crystallization

temperature

,

it is not clear whether the bire^ringent

entities observed on Figures 4.2.b,c also correspond to

hedritic structures.

Such a connection between the large

hedrites observed at high crystallization temperature and
the birefringent crystal agregates observed at lower

crystallization temperature could also explain the
substitution of the 45° H v low angle scattering (Figures
4.3.a,b) by the apparently isotropic scattering observed at

higher crystallization temperature (Figure 4.3.c,d).
(N.B.

the former light scattering patterns were obtained

with the use of a beam expander to decrease the laser
As a consequence,

speckling effect.

the interparticle

interference patterns, depicted on Figures 4.16 and 4.17,

respectively on pp. 156 and 159 that will be shown to arise
from the hedrites, is not observed.)

observed for PVF 2

/

A related behavior is

where at high temperature, thin film

crystallization is known to result in the growth parallel to
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the substrate (along the b and (110)

crystals [81].

*
)

of r phase lamellar

Such crystal habit could very well, in the

copolymer case, lead to the formation of well developed

hedrites

,

if the crystal growth is allowed to proceed in

more equilibrium-like fashion.

In the present case and in

agreement with the afore mentioned hypothesis, the higher
the undercooling,

the larger the content in rod-like crystal

agregates and incomplete spherulites.
It should be emphasized that in the following the DSC and

WAXD crystallization studies were carried out with thick
samples (300-600 m) for which the volume fraction of

hedrites can be considered negligible and the SALS studies
were carried out at 117°C where no large hedrite could be
detected.

The crystallization and Curie transition studies

are therefore not expected to be affected by the thermal

properties and crystallographic nature of the hedrites.
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Study of the Crystallization and Curie

2.

Transition Kinetics

a.

Wide Angle X-Ray Diffraction

Crystallization of the 81/19 mol* copolymer was
carried out at 124±1°C.

e/29 scans recorded during the

isothermal crystallization are shown on Figure 4.5

agreement with Lovinger et al

.

,

.

In

[31-33], the first

crystalline phase to be produced by crystallization from the
melt is the paraelectric phase as evidenced by its
o

reflection around 18° (d=4.85 A).

The intensity of this

reflection is first seen to increase with time and then to
decrease after approximately 36 hours.

The reflection

characteristic of the ferroelectric phase (19.6° 29) appears
only after

6

hours of crystallization and steadily increases

in intensity with time.

The time dependence of the

intensities characteristic of the

and paraelectric

f erro

phase indicates that after being formed

,

the paraelectric

phase transforms into the ferroelectric phase by crystalcrystal transition.

Because of the unavailability of the

structure factors for either the para or the ferroelectric
phase and the lack of knowledge concerning the

crystallization and Curie transition rates, it was not
possible to derive from the X-ray data the amount of para
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Figure 4.5

Wide angle X-ray dif f ractograms as a function
of crystallization time for a
(81/19) mol*
copolymer at 124*C: a. 30 min, b. 3 hours,
c.
d. 20 hours,
6 hours,
e. 36 hours,
f.
45 hours,
g. 60 hours,
h. 90 hours,
a. 120 hours.
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and ferroelectric phases at any time and therefore not

possible to estimate whether or not part of the
ferroelectric phase is formed by direct crystallization from
the melt.

Because of the very slow transition rate at this

temperature, it was not possible to observe the total

conversion of the para to ferroelectric phase in a
reasonable experimental time and because of the slow cooling
rate achievable in this hot stage, it was nbt possible to

study this process at a lower temperature without achieving
any crystallinity during the cooling from the melt.

Small Angle Light Scattering

Examination of the H v SALS patterns of the samples
crystallized at 117°C indicates that the intensity of

maximum scattering is located at zero scattering angle
(Figure 4.3.c).

Although, for a fully developed spherulitic

morphology, it is usually possible to relate the maximum

scattering intensity to a "degree of crystallinity" [73],
such is not the case, yet, for any different morphology.

It

has been shown that, for rod-like crystal agregates, the H y

scattered intensity falls off with scattering angle

e

[132].

It was also demonstrated that both the rate of intensity

fall with scattering angle and the azimuthal angle (m) of
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scattering are dependent of the orientation correlation
function of the crystal optic axes.

Considering the

particular scattering profile of this material, it was more
convenient to follow the crystallization and melting
processes by monitoring the depolarized transmitted

intensity (in the present case the intensity at zero

scattering angle)

One has to be aware that during an

.

actual measurement of the intensity of transmitted

depolarized light, one records the total integrated
intensity in a small solid angle about the hypothetical

undeviated transmitted beam [144]
aperture of the photomultiplier

1

(as aresult of the finite

s tube or the

finite pixel

size within the photodiode array used for detection)

.

In

the present study, a two dimensional photodiode array was

used to record the time evolution of the scattering pattern
and the maximum scattering angle contributing to the

measured light transmission was estimated to about 0.5°. For
such experimental conditions, one can assume that the major

contribution to the intensity of depolarized transmitted
light arises from pure transmission.

Clough et al

.

[144] that for a randomly oriented set of

crystal agregates

,

the depolarized transmitted light

intensity T can be expressed as

T = 1/2

It was demonstrated by

(N S A CS / A Q

)

sin 2 (6/2)

:

11

where

N s is the number of correlated regions

:

(agregates)

A cs is the correlated area for one of the N regions
s

A Q is the field area containing the N s structures
6

is the crystal birefringence (for a uniaxial

crystal

Although the term N s A cg
degree of crystallinity

/

,

A Q is not rigorously equal to the
its variations during

crystallization or melting reflect the behavior of the
crystallinity.
The copolymer sample was crystallized at 117°C and heated up
to 200°C after crystallization for different lengths of

time.

The H v SALS patterns were recorded during

crystallization and during melting runs (2°C/min) at regular
time intervals and the intensity at zero angle was plotted
as a function of crystallization time (Figure 4.7) and

temperature (Figure 4.6).

Figure 4.6 clearly shows that,

for both very short and very long crystallization times,

only one melting process is observed (respectively at 128
and 137°C)

.

These experiments also indicate that the

amplitude of the first melting process (around 128°C)

continuously decreases with crystallization time whereas the
amplitude of the second melting process continuously
increases with crystallization time.

This results are in
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Figure 4.6

Small angle light scattering maximum intensity
as a function of temperature during heating
runs for various crystallization times. The
crystallization temperature is 117°C.
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Figure 4.7

Small angle light scattering maximum intensity
as a function of crystallization time for a
crystallization at 117°C.

A1ISN31NI

A

H
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agreement with the WAXD data and unambiguously indicate the

existence of a crystal-crystal transition subsequent to

crystallization of the paraelectric phase.

By comparison of

the time dependence of the amount in crystal phase (either

para or ferroelectric phase)

(Figure 4.7) with the time

dependence of the Curie transition, one can really see that
the rate of the Curie transition is much lower than the rate
of the crystallization.

Finally, it must be noted that the first fall in scattered

intensity corresponds to the melting of the paraelectric
phase (around 128°C) and not to the observation of the Curie

transition as was reported earlier [31,32],

A crystal-

crystal transition can not occur during the heating run

since no melting process is observed after the first

intensity fall at early crystallization time.

Furthermore,

a crystal-crystal transition is not expected to produce such
a large decrease in scattered intensity.

The second fall in

transmitted intensity corresponds to the melting of the
ferroelectric phase and takes place at a higher temperature
(around 137°C)

.

Further elaboration on these points will be

provided after examination of the DSC results.
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c

.

Differential Scanning Calorimetrv

The crystallization behavior was also investigated

by differential scanning calorimetry between 117 and 122°C.

Figure 4.8 shows the crystallization isotherms for 117°C,
118. 5°C and 122°C.

The rate of the primary crystallization

is seen to be extremely temperature dependent.

temperatures lower than

1

17° C

,

For

the crystallization could not

be prevented during the cooling from the melt whereas above

122°C the crystallization is so slow that no detectable

change in the heat flow rate could be measured.

The

approximate time for completion of the primary

crystallization step is approximatively
at respectively 117,

118.5 and 122°C.

7,

21

and 90 minutes

If we now consider

more specifically the crystallization behavior at 117°C and
carry out heating runs after various crystallization times,
we can see the thermal behavior depicted in Figure 4.9.

The

time evolution of the melting behavior for samples

crystallized isothermally exhibits three different regimes.
For a very short crystallization time, one single endotherm
is observed around 131°C (heating rate 10°C/min)

.

In the

first regime, the enthalpy of fusion is observed to increase

with crystallization time, indicating the primary
crystallization of the paraelectric phase.

In the

intermediate time range, the enthalpy of melting of the
first endotherm is still increasing with time, while a
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Figure 4.8

Crystallization exotherms at 117°C
lis 5°c
btalned
di «-ential scannL^
S?or^?ry

*

'
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Figure 4.9

Melting behavior of a (81/19) mol% copolymer
sample crystallized at 117°C for various
length of time between 30 s and 13 hours.
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second endotherm appears at higher temperature (c.a. 140°C)
This latter endotherm is attributed to the melting of the

ferroelectric phase.

The end of the second time range

(where the enthalpy of fusion of the paraelectric phase is

maximum) corresponds closely to tail of the primary

crystallization exotherm.

In the last stage,

the enthalpy

of fusion of the paraelectric phase keeps decreasing while

that of the ferroelectric phase steadily increases

.

This

indicates that the paraelectic phase has transformed into
the ferroelectric phase by isothermal crystal-crystal

transition.

The same behavior is observed for

crystallization at 118.5 and 122°C.

From the heating curves

of samples crystallized for different lengths of time, an

estimate of the heat of fusion for each melting peak can be
obtained as a function of crystallization time (Figures
4.10.a-c).

These results indicate that the degree in

paraelectric phase crystallinity

,

achieved during primary

crystallization, decreases notably when the crystallization
is carried out at higher temperature.

The observation of

low Curie transition rates for the investigated

crystallization temperatures seems quite expected in view of
the fact that no exotherm could be observed for the crystal-

crystal transition at intermediate and long time of

crystallization.

Furthermore, the Curie transition enthalpy

is certainly much smaller than the enthalpy of fusion.
is, however,

not possible to deduce from Figure 4.10.a-c

It
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Figure 4.10

Heat of fusion of para (•) and ferroelectric
(x) phases as a function of crystallization
time: a.

117. °C,

b.

118. 5°C,

c.

122. °C.
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the time dependence of the degree of crystallinity in either

paraelectric or ferroelectric phase since the enthalpy of
fusion for either pure phase is unknown.

Such information

would allow for the determination of the temperature
dependence of the Curie transition rate from the data
presented above.

Extrapolation of the transition rate to

zero rate should give an estimate of the "equilibrium Curie

temperature" T£ above which the paraelectric phases

crystallizes without undergoing a crystal-crystal transition
to the ferroelectric phase. Qualitative examination of

curves 4.10. a-c suggests that the ratio of the rate of

crystallization to the rate of Curie transition increases

with crystallization temperature.
The effect of heating rate on the melting behavior of
the para and ferroelectric phases was also investigated by

DSC for a sample crystallized at 118. 5°C for 18 minutes.

For this time and temperature conditions, no noticeable
further crystallization should take place during the heating
runs (even at the lowest heating rate investigated). Figure
4.11 shows the DSC traces for the melting of identical

samples at rate between 2.5 and 40°C/min.

The paraelectric

phase melting peak is seen to shift to higher temperatures

when the heating rate is increased whereas that of the
ferroelectric phase remains at the same position.

The heat

of fusion of either endotherm does not vary with heating
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Figure 4.11

Effect of heating rate on the melting and
Curie transition behavior of the (81/19) mol*
copolymer The sample was crystallized for
18 min at 118. 5°C and heated from that
temperature to 200°C.
.

135

HEATING

RATE
°C/min

136

rate indicating that no change in the phase content (by

melting recrystallization or crystal-crystal transition) is
taking place during the heating run from the temperature T c
for a sample crystallized at T c

d

.

.

Discussion

Lovinger et al

.

,

[32] examined the same copolymer

composition crystallized for one day at 120°C and

subsequently quenched to room temperature.

They obtained

dif f ractograms from such samples heated at 2°C/min with the

temperature of each X-ray scan held isothermal.

They

reported that heating above 100° C caused a gradual decrease
in the intensity of the ferroelectric phase reflection at

19.6° 26, while the reflection characteristic of the

paraelectric phase only appeared around 122-129°C and never
reached the same intensity as the ferroelectric phase.

From

these results it was claimed that the onset of the Curie

transition was indeed observed prior to melting during a

heating run.

This would, if true, lead to a contradiction

with our results which suggest that upon heating the
ferroelectric phase does not undergo a crystal-crystal

transition but simply melts.
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In the following, we are going to show that their data can

be explained by a melting-recrystallization process and that

there is no need to invoke a crystal-crystal transition upon
heating.

First, it must be kept in mind that for a sample

crystallized isothermally for one day at T

=

117. 0°C and

heated from T up to 200°C, the enthalpy of fusion amounts to
about 6-7 cal/g (c.f. Figure

4. 10. a)

which is half of the

value obtained for a sample cooled at constant cooling rate
from the melt down to room temperature [31,32].

From our study, we have learned that the paraelectric phase

crystallization is quite fast in the temperature range (110118°C)

.

It is therefore reasonable to suggest that the

crystals grown from the melt or from the amorphous phase

during the quench to room temperature, will melt first
during the heating run and will have the chance to

recrystallize rapidly into the paraelectric phase.

When

this process occurs at low temperature (around 110°C)

,

the

crystal -crystal transition is relatively fast and the

ferroelectric phase results from the mel t-r ecryst alii zat ion
mechanism.

At higher temperature (118°C and above) the

crystal-crystal transition becomes much slower (c.f. this
work) and the recrystallized crystals remain in the

paraelectric phase.

This scenario explains why there is a

delay between the decrease in the intensity of the
ferroelectric phase reflection and the very small increase
in the paraelectric phase.

It also explains why such a low
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intensity is obtained for the paraelectric phase reflection

upon heating.

Furthermore, from their data it was suggested

that the Curie transition for this copolymer composition

takes place around 110-115°C, this is in contradiction with
our observation of the crystal-crystal transition around

124°C by WAXD and around 117-122.5°C by SALS and DSC.

Finally, the proposed explanation of their data is

consistent with the interpretation of our results.

These

considerations fully justify the necessity to study these

phenomena in isothermal conditions

3

.

Conclusion

The morphology of (81/19 mol%) VF 2

-

F 4 E copolymers

crystallized isothermally was examined at the
superstructural level.

The crystallization results in the

formation of crystal agregates which eventually grow into
imperfect spherulites.

Hedrites were also observed to form

during crystallization but only by nucleation on and growth
parallel to the glass substrates.

The study of the kinetics

of crystallization indicates that in agreement with the work
of Lovinger et al

.

[31,32] the copolymer principally

crystallizes from the melt in the paraelectric phase.
Curie transition was found to take place in isothermal

The

condition subsequently to crystallization and at a rate that

strongly depends on the temperature.

Our results suggest

that the ratio of crystallization rate to Curie transition

rate increases with temperature.

Lovinger et al

.

Finally, in contrast with

[31,32], our study of the melting behavior

indicates that for this copolymer composition no Curie

transition is observed prior to melting.

C.

Study of the (93/07) mol* VF o - F 4 E Copolymer

1.

Spherulitic Morphology

For the 93/07 mol* composition, the VF 2

-

F 4 E copolymer

crystallizes directly in the ferroelectric phase, since the
Curie transition is located above the nominal melting

temperature (c.f. Figure 4.1).

The accessible

crystallization temperature range was shifted to higher
temperatures for this composition as compared to the 81/19,
since the equilibrium melting point of the former

composition is larger than that of the latter one (c.f.
Figure 4.1).

Samples were crystallized between 133°C and

141 °C and their morphology was examined in a polarizing

microscope.

Optical micrographs of such samples are shown

in Figure 4.12.a-e and indicate that,

in contrast with the
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Figure 4.12

Optical micrographs of samples of (93/07) mol*
copolymer crystallized isothermally at
a. 133°C,
b. 135°C, c. 137°C, d. 139°C
:

e.

141°C.
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(81/19) mol* composition,

the (93/07) produces a well

developed spherulitic morphology upon crystallization.

On

the other hand, similarly to the (81/19) mol* composition,

the (93/07) exhibits a very large nucleation density.

The

average spherulite size for this copolymer composition is
about two orders of magnitude smaller than that of PVF 2

homopolymer [81].

A more quantitative estimate of an

average spherulite size can be obtained by small angle light

scattering

.

The main results of the small angle light

scattering theory for spherulitic materials was outlined in
section III.C.2.b.2 for the H v polarization conditions.
Equation III. 21 related the radial angle at maximum

scattered intensity to an average spherulite radius
[124,125].

After the crystallization was completed, SALS

patterns were recorded at room temperature both

photographically (Figure 4.13.a-g) and with the two
dimensional position sensitive detector.

The angular

dependence of the maximum scattered intensity indicates
that,

the higher the crystallization temperature, the larger

the average spherulite radius, as is commonly observed for

other flexible semicrystalline polymers.

The H v scattered

intensity is observed to increase dramatically with

crystallization temperature
that,

.

Equation

for volume filling spherulites,

(

III 20)
-

indicates

the H v scattering

intensity varies as the cube of the average spherulite
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Figure 4.13

H v small angle light scattering patterns of

samples of (93/07
at:

a.
e.

131°C, b.
139°C, f.

)

mol% copolymer crystallized
c. 135 °C,
d. 137°C

133 °C,
141°C,

g.

143 °C.

144

145

radius and the square of the spherulite polarizability

anisotropy.

The observed increase in spherulite radius with

crystallization temperature accounts for part of the
increase in the scattered intensity (Table 4.1).

It was

shown in section C.2.b.2 of chapter III that, for non

oriented spherulitic materials, the polarizability

anisotropy can be written as

Pr " Pt

where:

=

°cs

0

cg

f

:

cs <Pr ~ Pt>2

degree of crystallinity
crystal orientation function about the
radial direction

(p. - p t )£

= the intrinsic crystal polarizability

anisotropy

The crystallization temperature dependence of the

polarizability anisotropy can therefore be examined by
looking at the effect of temperature on both the degree of

crystallinity and the crystal orientation function.
The lamellar growth is generally described by a mechanism of

secondary nucleation [137].

At high crystallization

temperature, the number of secondary nuclei per growth front
is generally small.

In the limit of regime

I
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Table 4.1

Morphological characteristics of (93/07) mol*
VF 2

- F E
4

copolymer isothermally crystallized

as studied by small angle light scattering.

T

R

IH

vmax

/

r3

I

H vmax

^H^ax

/

at 25°C

at 25°

40

2680

63

4200

56

6513

86

6.0

33500

156

64700

303

139

6.6

151000

535

230000

836

141

8.0

270000

436

454000

901

143

9.5

270000

315

909000

1060

at T x

(°C)

Cm)

131

3.5

1720

135

4.2

137

at T x

Tx

is the crystallization temperature.

R

is the average spherulite radius

I

H max

*s

(obtained by SALS).

max * mum scattering intensity.
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crystal 1 izat ion, one nucleation event occurs per substrate

and a new crystal layer is deposited before the next

nucleation event.

The resulting lamellar growth front is

thought to be smooth and the number of nuclei per substrate

being small, the population of tie chains between

neighboring lamellae is relatively small.
hand

,

at lower crystal lizat ion temperature

On the other
,

the secondary

nucleation rate is larger than the rate of substrate
completion and the resulting growth front is rough with a
larger number of tie chains between adjacent lamellae.

As a

result of their topological constraints, these tie chains

cannot easily crystallize during secondary crystallization
or further cooling
'

From these intuitive considerations

.

,

it

can be understood why the degree of crystallini ty increases

with temperature of crystallization.
To understand the effect of temperature of

crystallization on the crystal orientation function with
respect to the radial direction, it is worth mentioning the

work by Bassett et al

.

[138]

in which the internal

spherulite morphology of etched samples was investigated by
electron microscopy.

The lamellar organization within the

spherulites was described in terms of dominant and

subsidiary lamellae

.

The dominant lamellae are formed first

and determine the growth envelope of the spherulite (primary

crystallization).

The subsidiary lamellae formed generally
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later in the cavities left by the growing dominant lamellae

(secondary crystallization)
N.B. The secondary crystallization also consists in the

isothermal thickening of the dominant lamellae

.

Microscopic

observations also indicated that the samples crystallized
isothermally at high temperatures exhibited radiating ridged
and planar lamellar sheets whereas

,

at lower crystallization

temperature, disorganized S-shaped sheets were observed.

These results suggested some coarse correlation between the

temperature dependence of the lamellar morphology and the
change in crystallization kinetic regime from a regime

I

(high temperature) crystallization to a regime II (low

temperature).
coarse,

-Whereas in regime

in regime II,

I

the morphology is rather

the profuse secondary nucleation

results in a large amount of lamellar branching.
results,

From their

it can be deduced that the lamellae are more

uniformly oriented along the spherulite radius at higher
temperature of crystallization.

applicable to the VF 2
a larger

f

s

-

This statement, if also

F 4 E copolymer system would result in

value at higher crystallization temperature.
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Hedritic Morphology

2.

It was already mentioned in section IV. B. 2.

that

concomittently to the formation of rod-like agregate and
spherulite morphology, these copolymers exhibited hedritic
structures.

Similarly to the (81/19) mol* (Figure 4.2), the

crystallization of the 93/07 copolymer produces a smaller

population of larger hedrites at higher crystallization
temperature (Figure 4.14).

It can also be noted that,

after

completion of the crystallization, the hedrites formed in
the 93/07 copolymer do not possess the sharp single crystal-

like facetting characteristic of the 81/19 copolymer at
132°C.

Figure

4

.

15 shows that the single crystal-like shape

was present at early crystallization time (micrograph a.)
but became unstable at later crystallization stage

(micrograph b.).

Keith [139] reported similar observations

for polystyrene where, by crystallization in thin films for

increasingly longer times
shape

.

At very early time

At later stages,

he observed changes in crystal

,

,

hexagonal shapes are observed

the ideal hexagonal shapes degenerate by

breaking up of each planar crystal face into multiple

growing fronts.

This was correlated to the predictions of

the Keith and Padden

6

For

parameter model [76],

crystallization close to the melting point,

6

= D/G

(D

is

the diffusion coefficient and G the growth rate) is large,

because G is small and D is large.
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Figure 4.14

Effect of crystallization temperature on the
hedritic morphology: a. 129°C, b. 141°C.
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10

li

152

Figure 4.15

Effect of crystallization time on the hedritic
morphology. The crystallization temperature is
137°C a after 5 hours b after 15 hours
.

.

,

.
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When the scale of the crystal front reaches

6

the latter

,

becomes unstable and the crystal front breaks up, generating
a different crystal shape.

Furthermore, since

6

decreases

with undercooling, the disappearance of the hexagonal shape
will occur at earlier crystallization stage for

crystallization at lower temperature.

This analysis

explains why a sharp single crystal facetting is only

observed at large crystallization temperature for the 81/19
copolymer and only at early crystallization time for the
93/07 mol* composition.

Hedrite containing samples were also studied by small
angle light scattering.

The scattering behavior for such

samples is depicted in Figure 4.16 and is characterized by
the superposition of a four leaf clover pattern with maximum

intensity at 45° azimuthal angle and an interference pattern
located at smaller angles.

The pattern at wide angle is

characteristic of spherulitic scattering.

Information

concerning the low angle scattering with interference

modulation can be gained by studying the melting behavior of
such samples by a combination of polarized optical

microscopy and small angle light scattering.

For a sample

crystallized at 135°C and heated at 10°C from room
temperature, the melting was observed in the microscope to

occur at respectively 156-158°C for the spherulite crystals
and at 188-190°C for the hedrites.

When the melting is

155

Figure 4.16

H v small angle light scattering pattern of a

93/07 mol% copolymer sample containing
hedrites crystallized at 137°C.
(

)

Mm-

3.6

deg

Vi

>,

V
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examined by Hv small angle light scattering for the same
sample, a two stage melting process is observed (Fig. 4.17)

The four leaf clover pattern disappears at 156-158°C,

whereas the low angle interference fringe pattern vanishes

around 188°C.

These two observations permit to conclude

that the low angle interference pattern arises from the

presence of the hedritic superstructure.

It is possible to

qualitatively explain the origin of such an interference
pattern by referring to the work of Marchessault et al
[140,141] and Picot et al

studies

,

.

[142,143].

In the latter

the effect of interpart icle interference on the

scattering behavior of clusters of polystyrene spherulites
was examined.

For clusters of either 2,3 or

4

spherulites,

that are arranged in specific configuration (with respect

t

each other and to the direction of analyzer and polarizer),
the scattering pattern can be explained in terms of a

convolution of a lattice and an object transform.

A

prerequisite for the observation of such a diffraction
effect is that a coherent light source (laser light) is
used.

For more complicated and more randomly arranged

cluster, the scattered intensity is more randomly modulated

and speckling results.

Based on these considerations, the

SALS pattern in Figure 4.16 can be explained in the

following way.

The four leaf clover pattern with maxima at

odd multiples of 45° azimuthal angle is characteristic of

158

Figure 4.17

Melting behavior of (93/07) mol% VF 2 ~ F 4 E
crystallized at 135°C exhibiting both
spherulites and hedrites as followed by H
small angle light scattering
Room temperature to 155°C,
a.
b.
160°C to 185°C, c.
190°C to 210°C.

VF2 -F4 E
93/07 mol%
T = 135 °C

20-155

°C

160-185 °C

190-210

7.2°

°C
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the spherulitic superstructure.

The speckling present in

this four leaf clover pattern results from the

interspheruli tic interference in a system where the

spherulite centers are randomly located and the spherulites
themselves are truncated.

Furthermore,

the speckling effect

is due to the spatial coherence of the laser beam.

The low

angle modulated scattering arises from the hedrites and is
the convolution of an object transform and of an

interference factor.

The former term depends on the shape,

size, polarizability anisotropy and relative orientation of

the hedrite optic axes with respect to the polarization

direction of both the analyzer and the polarizer.

The

latter term is related to the spatial distribution function
of the hedrite centers and to the orientation distribution

function of their optical axes
The melting behavior of the hedrites is interesting in
itself, since it was observed to take place at much higher

temperature than that of the spherulites.

A possible

explanation of this observation may be that the hedrites
crystallized in a different crystal modification than the
spherulites.

Such different crystal modification could be

induced by interaction with the polar glass substrate or as
result of a large polydispersi ty in the copolymer

composition.

No definite answer concerning either the

nature of the crystalline form present in the hedrites or
the reason for the existence of such a crystal form has been
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reached yet.

concerning

It should be added that there is no doubt

the polymeric nature of these hedrites.

First,

it was verified by elemental analysis that the chemical

composition of the as-received material corresponds exactly
to what is expected on the basis of the known comonomer

content.

Agreement between the elemental analysis results,

the chemical formula of the copolymer and the comonomer

content agrees within less than 0.1%.

Second, the melting

temperature of the hedrites was observed experimentally to
increase notably with crystallization temperature,

indicating that the hedrites are not made of low molecular
weight dirt.

It must also be emphasized that the spatial

distribution of hedrites in the sample is not uniform.

It

has already been mentionned that they were only seen to

nucleate on the surface of the substrate and not in the
bulk.

It should also be mentionned that the hedrite

population density varies from region to region within the
sample.

This explains why it was possible to obtain SALS

patterns (Figure 4.13) with little or no scattering at zero

scattering angle.

The non uniformity of the hedrite

population density results from a non uniform heterogeneous
nucleation process and may be related to sample
inhomogeneity as a result of the molding process [130],

inhomogeneity in the temperature gradient during cooling
from the melt or substrate inhomogeneity resulting from

inhomogeneous substrate cleaning
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3

.

Conclusion

Whereas for the (81/19) mol* VF 2

- F E
4

copolymer

composition rod-like agregates and incomplete spherulites
were characteristic of the morphology, a well developed

spherulitic morphology is observed for the (93/07) mol*
composition.

On the other hand, both the (93/07) and the

(81/19) mol* composition samples exhibit hedritic

structures.

The spherulitic structures were observed to

produce more scattering at high crystallization temperature
as a result of larger values for the average spherulite size

and possibly for the degree of crystallini ty and/or the

crystal orientation function with respect to the radial

spherulite direction.

Small angle light scattering patterns

of samples containing both hedrites and spherulites were

obtained that were composed of a four leaf clover pattern

with maxima at odd multiples of 45° azimuthal superimposed
on a low angle interference modulated scattering.

The

interference fringe pattern was explained in terms of an
interpart icle interference effect.

The observation of the

melting behavior of the hedrites at much higher temperature
than that of the spherulites raised some questions

concerning both the crystal structure of the hedrites and
the polydispersi ty in composition of the copolymer.

Further

studies are required to fully elucidate this last point

CHAPTER

V

SUGGESTIONS FOR FUTURE RESEARCH

First, regarding the study of the crystallization of

PVF 2 under electric field, it would be of interest to

examine quantitatively the field dependence of the growth
rate.

Such an investigation should be carried out by

polarized optical microscopy for samples crystallized
between tin or indium oxide electrodes (i.e. for better
light transmission)

The crystallization should take place

.

at low field strength (0.01 - 0.07 MV/cm) and intermediate

temperature (158 - 168°C) to avoid inhomogeneous morphology
across the sample thickness
the electric field

,

.

It is predictable that under

the growth rate can become anisotropic

and might vary with crystallization time, as does the
v

crystalline environment

.

If these predictions are

confirmed, a better understanding of the effect of the local
field on the secondary nuclei should be gained.

However,

one must remain cautious to consider the Maxwell-Wagner

polarization in any model calculation aiming at the fit of
the experimental results

Finally, some suggestions can be made for extending the

study of the VF 9

- F E
4

copolymers.
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First, better

164

understanding of the relationship between the
crystallization behavior of these copolymers and their
chemical composition, can come from a better examination of
the morphologies (incomplete spherulites, rod-like agregates

and hedrites)

.

This could be achieved by means of

transmission electron microscopy of thin copolymer films
crystallized isothermally at different temperatures.

It

would also be interesting to examine more in depth the

composition and temperature dependence of the kinetics of
Curie transition.

A prerequisite for the establishment of a

structural model of the Curie transition in this system will
be the study of the change in the dimension and other

characteristics of the unit cell of para and ferroelectric
phases with comonomer content.

Finally, when this

transition is well enough understood, the effect of electric
field and/or mechanical deformation on the transition

kinetics could also be studied.

APPENDICES
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APPENDIX

A

FREE ENERGY OF A CLOSED SYSTEM UNDER STATIC ELECTRIC FIELD

If the absolute temperature,

the entropy,

the pressure and

the volume are respectively denoted T, S, p, and V, the

classical thermodynamic functions U

(

internal energy)

,

F

(free energy) and G (free enthalpy) can be expressed for a

close system by:

F = U - TS

(A.l)

G=U-TS+pV

(A. 2)

or for infinitesimal changes by

:

pdV

(A. 3)

dF = -SdT - pdV

(A. 4)

dG = -SdT + Vdp

(A. 5)

dU =

-

TdS

For a linear medium with no permanent polarization under an

applied electric field

E,

Guggenheim [109] derived an

expression for an infinitesimal change in internal energy U

dU = TdS

-

pdV + V E.dD

where E is the electric field

(A. 6)
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D is the electric induction
D =

€

Q€

(displacement current)

E

In order to obtain E as a variable, one can define the state

function G by

:

G = U - TS + pV - V

€

Qe

E2

(A. 7)

One can extend this notation to a linear medium with a

permanent polarization P Q by defining the free energy F in
the presence of the field by:

F = U - TS - V E.D

the displacement current is related to the applied

Now,

field by

D =

G

0e

:

E + PQ

Therefore

,

-

SdT

(A. 9)

for an infinitesimal transformation at constant

volume dF can be expressed by

dF =

(A. 8)

-

V D.dE

:

(A. 10)
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Finally,

integrating the last differential equation yields

the expression of the free energy of a closed permanently

polarized system under a static field E as

F (T,V,E) = F Q (T,V) - V

(

P Q .E + (1/2)

e

Qe

:

E

2
)

(A. 11)
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APPENDIX

B

ASSESSMENT OF THE DIELECTRIC DATA

1)

Assessment of the dielectric constants.

No specific dielectric data on either the a or the

a)

t phase crystals is available in the literature.

the values reported for the

Therefore

phase, will be used instead

8

[115-116]

In order to calculate the melt dielectric constant

b)

the short range interactions are

at high temperature,

neglected and the Onsager formula (derived for pure dipolar
liquids) can be used [110].

e

a - n

where
n

2

Po
=

No

(

3
)

3kT

e

Q

(

e

a

n2 +
--)

2e a +n 2

(

2

2
)

:

is the PVF 2 average crystalline indice of refraction

for the a phase (n = 1.43).
pQ

(B.l)

3

is the vacuum dipole moment per CF 2 unit.
28 C.cm)
(p n = 7.6 10"

170

is the number of CF 2 dipoles per unit volume.

NQ

(N Q = 0.019 cm" 3
6

)

is the vacuum dielectric constant.

Q

(e

Q

= 8.85

10~ 14 F.cm" 1

)

By solving the previous quadratic equation (B.l), the melt

dielectric constant is obtained

e

a = 12.5

From the knowledge of the melt dielectric constant
can derive the melt induced polarization, P a by
pa =

e

0

(e

a - 1)

_
a

,

one

:

E0

For E Q = 0.1 MV/cm, P a =

2)

e

0

.

1

MC.cm" 2

.

Assessment of the t phase crystal permanent polarization

An approximation of the

t

phase crystal polarization is

obtained by considerion of the following facts

:

171

-

The r phase crystal structure is similar to that of

6

phases

-

The conformation of the a chain in a r phase unit cell

(

TTTGTTTG

1

)

-

(

and

is intermediate between the chain conformation

in a J unit cell

unit cell

0

TGTG

(TTTT) and the chain conformation in a

<5

1

)

The vacuum dipole moments perpendicular to the chain axis

are known for both

B

and

6

phases [1].

from these observations, it can be suggested that the

Lorentz factors for

t,

S

and

6

phases are not too different

and that the vacuum dipole moment for the r phase is

intermediate between that of a

8

The Lorentz factor for

phase.

phase and that of a

6

phase crystals was found to

be very close to zero by Al-Jishi et al.,

[115-116],

This

suggest that the polarization P of such crystals is close to
their vacuum polarization (calculated from the unchanged

moments of the isolated monomers)

P =

(

+ L

1

P = Pc =

where

(

e

c

-

1))

Pc

(N/V) p Q

N is the number of dipoles per unit cell
V is the volume of the unit cell
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P c is the vacuum

polarization

p Q is the vacuum dipole moment per repeat unit

From reference [1], N and V can be calculated
o

the t phase and V = 439 A

value between
(i.e.

S

and

6

o
.

(

N =

8

for

p Q is approximated to the mean

phase dipole moments

5.5 10" 28 C.cm)

The crystal permanent polarization

around 10 jnC.cm" 2

,

Pc

,

is then found to be
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